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PART I 
WOOD PROPERTY VARIATION 
2 
INTRODUCTION 
Problem Analysis 
The single-most valid objection to wood as a raw material, regardless 
of the end product, is the extreme and unpredictable variability of its 
properties which.stems from its anatomical variation (Kotok, 1965; Webb, 
1965). 
The anatomical properties of wood, which affect pulp and paper proper­
ties, have been focused upon by much research in recent years in order to 
assess variability of these properties and define which are most desirable 
for future study. Such anatomical and related properties as proportion of 
wood elements, fiber dimensions, combinations of fiber dimensions, specific 
gravity and others have been shown to affect pulp and paper properties^  
(Tamolanc, _et , 1967; Webb, 1965; Besley, 1962; Karton, _et ) 1967). 
Panshin, ^  al. (1964), Richardson (1961) and Hamilton (1961) have 
pointed out that often the v/ithin-tree variation of these anatomical proper­
ties is a major part of the variability. Anatomical variability results in 
much waste and increased costs in processing. In view of this, more uni­
formity of anatomical properties is a most desirable characteristic of wood 
going into furniture (Larson, 1967) as well as other products. Kaeiser and 
Boyce (1965)j Saucier and Hamilton (1967)> and Webb (1965) have also pointed 
out the need for more uniformity of anatomical properties. 
V/ith improving the uniformity of wood's anatomical properties as a 
goal, Kotok (1965) has related that inventory according to species, 
E^inspahr, D. Institute of Paper Chemistry, Appleton, Wise. Wood 
anatomy effects on paper properties. Private communication. 1966. 
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environment, and inheritance of anatomical properties, as well as develop­
ment of sampling techniques to do the inventory, is needed. Also, he re­
lated that we must determine how properties can be manipulated, and that 
we must incorporate in wood quality improvement programs those properties 
which should and can he modified by indirect environmental manipulation 
through the physiological processes and genetics. 
It would follow that the manager of the wood-using firm seeking more 
uniformity in wood anatomical properties has the following alternatives: 
1) He can, after taking inventory, purchase timber from the most 
uniform stands available. 
2) In the interim, he can modify stand environment to improve uniform­
ity and use the timber when it matures; or 
5) he can develop new stands from trees bred for more uniformity of 
wood anatomical properties. 
Conifers' variability have been assessed extensively, and to a large 
extent it is known how to manipulate their properties. Also they have been 
widely used in tree improvement programs and certain of their anatomical 
properties have been genetically selected. 
Much less is known about hardwoods* variability of anatomical proper­
ties, because of their lesser use and more complex anatomy. This is the case 
particularly of the variation associated with the proportion of wood ele­
ments, and fiber cross-sectional dimensions. This is quite disturbing in 
lieu of projected tripling of hardwood use for partial replacement of soft­
wood pulps in many grades of paper (Sanyer, I965) by the year 2000. 
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Eastern cottonwood is rapidly becoming important in paper and fiber 
board manufacture. It is one of Iowa's most important woods and exhibits 
rapid growth and high productivity in plantations on lands unsuitable for 
agriculture. Also, Farmer and Wilcox (1966) have indicated its possibilities 
for genetic selection. 
The general objectives of this part of the study were to investigate 
within-tree variation of the proportion of wood elements, cross-sectional 
fiber dimensions, specific gravity, fiber length and ring width with respect 
to height, age, and cardinal direction in two rapidly growing eastern cotton-
wood trees. Specifically, this meant the study was to: 
1) Characterize the within-tree variation of the dependent variables 
vessel percentage, ray percentage, fiber percentage, tangential double cell 
wall thickness, radial fiber diameter, radial lumen diameter, vessel number, 
specific gravity, fiber length, and ring width in the form of horizontal and 
vertical trends. 
2) Determine a model relating the above dependent variables to the 
independent variables height, age of tree when the wood was formed, cambial 
age, and cardinal direction. 
3) Investigate the interrelationships between the dependent variables 
through correlation observations. 
These data will be used by researchers to develop sampling techniques 
to help inventory the variability of Cottonwood's anatomical properties. 
They will also be used by researchers studying possible relationships be­
tween anatomical properties and physiological gradients v/ithin the tree 
(Jacobs, 1959)» in hopes of determining a way to manipulate Cottonwood's 
anatomical properties. 
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REVIEW OF LITERATURE 
Introduction 
Variations of the anatomical characteristics of wood in trocs have been 
studied by many authors from all over the world since the late 19th century, 
and have been referred to in General as wood quality. Wood quality, however, 
is normally thought to bo a function of these variations, and not a specific 
attribute. It in essence is a classification of these variations of various 
cell types evaluated for a specific use. Variations in cell types are pro­
duced by the biological processes of wood formation in trees, and therefore 
wood quality can be altered by these processes (Larson, 1969). 
Inventorying and evaluating wood quality has been the subject of con­
siderable research, especially with conifers, at the U.S. Forest Products 
Laboratory, Madison, Wisconsin (U.S. Forest Service, 1965a) (U.S. Forest 
Service, 1965b). Mitchell (1958, I960) and Wahlgren, £t al« (1966) have 
discussed this in detail. 
Concerning the manipulation of trees' anatomical properties, Larson 
(1962) pointed out that much confusion in the literature has been a result 
of attempting to relate wood quality directly to environmental influences. 
He felt a more logical approach was to relate wood quality to its source, the 
crovm. He indicated that trees possess a basic pattern of growth that is in­
herited; however, environmental and associated factors can affect wood char­
acteristics through indirect means by directly affecting the biological 
processes of wood formation in the crown. Therefore, by considering wood 
quality in terras of crovm growth, variations of the natural environment 
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or laodifiGd environment can be interpreted in the form of trends of wood 
quality. 
Proportion of Wood Elementc and Vessel Number 
The proportion of wood elements and the number of vessels making up wood 
are of interest because of their influence on that wood's pulping properties. 
Vessels, and ray parenchyma are undesirable in most instances because of 
their negative influence on paper properties (Ontario Dept. of Lands and 
Forests, 1962). Vessel elements, for example, often are almost completely 
covered with pits. The larger vessel elements are of disadvantage in print­
ing because they tend to pull away from the paper surface. Ray parenchyma 
cells are often very short and not suitable for pulping. For the most part, 
these two cell types are either separated in the fines or left behind, result­
ing in a negative effect on paper properties. Conversely, that wood with the 
highest fiber percentage is usually most desirable for pulping. 
Within the bole of diffuse porous woods variation has been noted in 
the proportion, size and distribution of various wood elements. Fev/ studies 
have focused on evaluating this variability. In those that have, however, 
vessel volume has been shown to increase with increasing height within a 
given growth increment (Taylor, I968) (Kandeel, 1958). Meyer-Uhlenried 
(1953), however, found decreasing vessel size with increasing height. 
Bailey (1920) and Esau (1965) have indicated that vessels expand tan-
gentially and radially with increasing age or distance from the pith, result­
ing in a greater vessel volume in older wood. Vessel volume has been re­
ported to increase from pith to bark by Taylor (I968), Kandeel (1968), 
Sarkany and Stieber (1959)» and Vasiljevic (1955). Dadewell (1958) reported 
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that in Eucalyptus, not only did vessel diameter increase but also vessel 
element length increased with distance from pith giving a larger vessel 
volume. Scaramuzzi (1956), however, reported that vessel proportion was 
quite uniform in Pox>ulus st^ p. across the radius, as did Schulz (1957) in 
beech. 
With regard to ray proportion variability, Scaramuzzi (1956) has indi­
cated that in Populus the ray volume was quite uniform, and this was shown 
to be the case in soft maple by Kandeel (1968) and in yellow poplar by 
Taylor (1968). 
Fiber percentage decreased slightly from pith to bark and remained 
quite uniform with increasing height in a given increment in soft maple' 
(Kandeel, 1968); however, in Populus Scaramuzzi (1956) found little varia­
tion. 
It has been noted also that the proportion of wood elements within a 
tree varies indirectly with changes in the environment. White and Robards 
(1966), and Hartig (I884) have indicated changes in ray size and volume 
with changes in ring width, while Taylor (1968) found vessel percentages 
to be larger in narrow rings, Meyer-TJhlenried (1958) also found that the 
vessel percentage varied with the side of the tree on which the wood was 
formed. Schulz (1957) showed that fast-growing trees had higher ray per­
centages and lower fiber percentages. In addition. Shire (1968) found sig­
nificant differences in vessel and ray percentages in cottonwood seedlings 
after fertilization, and Foulger and Hacskaylo (1967) indicated that nutrient 
deficiencies result in decreased vessel diameter. 
Anatomical properties have been found to be interrelated within tree 
stems. Kaeiser and Boyce (1965) found a decreased proportion of fibers, and 
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rays when the vessel proportion increased. Einspahr, ^  al. (1967) in 
poplar have indicated that specific gravity is influenced by the vessel per­
centage, while quite to the contrary, Desch (1932) found no relationship in 
beech. 
In the few instances in which the number of vessels have been studied, 
it has been found to decrease with distance from the pith at a given height 
(Dadswell, 1958) (Sarkany, _et al., 1957)« Also, Desch (1932) found the 
number of vessels decreased with decreases in ring width in beech. 
Cross-sectional Fiber Dimensions 
The cross-sectional fiber dimensions (cell wall thickness, fiber diam­
eter and lumen diameter) of hardwoods are of prime importance because of 
their effect on product properties. The amount of cell wall area in hardwood 
fibers is largely responsible for the breaking load, strength, and stiffness 
of papers made of their pulp (Tamolang, _et , 1967), and for the shrinkage, 
strength and machinability of solid products. 
Although the variation of cross-sectional fiber dimensions within coni­
fers has been extensively studied, the diffuse porous hardwoods have been 
studied in this respect only to a limited extent, probably due to their more 
complex anatomy. 
Taylor (1968) found that cell wall thickness within an annual ring of 
yellow poplar decreased from breast height to twenty feet and then increased 
to the crown. However, Scaramuzzi (1959) and Lenz (1954) observed no cell 
wall thickness change with height in poplar, and Saucier and Hamilton (1967) 
also found no change in green ash. 
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For a given height, Saucier and Hamilton (196?) found that cell wall 
thickness increases 50 percent in the first five years from the pith and 
then levels off in yellow poplar as did Lenz (1954) and Scaramuzzi (1955) in 
Pp-pulus. Taylor (1968), however, found this to be the case only at lower 
heights while at upper heights cell wall thickness did not change with in­
creasing rings from the pith. 
Fiber diameter in green ash was not influenced by height according to 
Saucier and Hamilton (1967); however, Amos _et (1950) found fiber diam­
eter in Eucalyptus related to maximum height. In addition, Lenz (1954) work­
ing with poplar found increasing fiber diameters with increasing height. By 
contrast, Scaramuzzi (1959) found that fiber diameter as well as the lumen 
diameter decreases with increasing height in Populus. 
For a given height. Saucier and Hamilton (196?) found increasing fiber 
diameter iiVith increasing rings from the pith in green ash, while Lenz (1954) 
found no change in Populus. Bamber and Humphreys (1965) found decreasing 
lumen diameters with increasing distance from the pith in Eucalyptus grandis. 
The fiber cross-sectional dimensions in hardwoods, too, have been shown 
to be indirectly responsive to changes in the environment. Johnson (1942) 
correlated fiber diameter to growth rate in Populus, and Scaramuzzi (1957) 
found higher values of cell wall thickness to lumen diameter ratio after 
rapid growth. Savina (1939) found also that thinning aspen changed the fiber 
dimensions of the wood. He found that the fibers had increased in breadth 
and their walls were thicker. 
The cross-sectional fiber dimensions also are related to other anatom­
ical properties. Saucier and Hamilton (1967) found that the shortest, 
smallest and thinnest fibers were located in the pith region. Also, Amos, 
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ot al. (1950) found that the shortest fibers had the Greatest diameter as 
did Ahlborn (I964). The cell wall thickness changes in diffuse porous hard­
woods is the major contributor to specific gravity changes (Taylor, 1968; 
Scaramuzsi, 1959). Fiber diameter also contributes to specific gravity 
changes, but to a lesser extent. 
Specific Gravity 
The specific gravity of wood is an index of the amount of coll wall 
substance in the wood. Although it is not an anatomical property, it is a 
function of the woody cell typo morphology, the distributions of cell types,, 
and the variability associated vd.th these two factors. Therefore, it is al­
most always investigated along with anatomical properties because it is a 
quick and easily measured factor for judging tree superiority (Hiett, _et al.,. 
i960). Specific gravity has been found to be directly related to product 
properties. Specific gravity is directly related, for example, to wood 
strength, pulp yield, and paper strength (Webb, I965). Hiett, _et al. (I96O) 
found that increasing specific gravity resulted in increased tear resistance 
in derived papers. Also, Giordano and Gurro (1956) found increasing com­
pressive strength in poplar timbers with increasing specific gravity. Smith 
(1965) has indicated that higher specific gravity gives increased yield. For 
example, 0.30 specific gravity Populus wood yields 1497.6 pounds per acre per 
year while 0.45 yields 2246.4 pounds per acre per year (Paul, 1963). 
The specific gravity is extremely variable within the bole of cotton-
wood, and according to Farmer and Wilcox (1965) this variation often exceeds 
between-tree variation. 
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Specific gravity variation has been studied quite extensively within 
diffuse porous woods, and in general it has been found to increase within a 
poplar annual increment with increasing height (Boyce and Kaeiser, 1964; 
Curroj 1955; GOhre, I960; Gotse, 1964; Lens, 1954). However, Jayme, _et. al. 
(1949) found increasing specific gravity with height in the heartwood of 
black Cottonwood, but decreasing in the sapv;ood, Kandeel (1968) found de­
creasing specific gravity with height to twelve feet and then an increase 
to the crown with a following decrease in the upper crown in soft maple, 
and similarly, Taylor (1968) showed a decrease with height, a leveling off, 
and then increase within yellow poplar stems. 
For a given height, specific gravity in general has been found to in­
crease from the pith towards the bark (Curro, 1955; Farmer and Wilcox, 1965; 
Sotze, 1964; Lamb, 1969; Lenz, 1954; Thorbjornsen, 1961). Taylor (1968), 
however, found different relationships with increasing distance from the pith 
at different heights. Kandeel (1968) found the specific gravity increased 
with distance from the pith but then decreased in soft maple, while Gohre 
(i960) found a decrease and then an increase in poplar. 
Since specific gravity is a function of the anatomical properties, it, 
too, varies indirectly with environmental changes (Buijtenen, et,. al., 
1959). Cech, ^  al. (196O) found that specific gravity decreased vn.th 
growth rate in one-year-old black cottonwood,and Erickson (1949) and Sacre 
(1963) found the same trend in yellow poplar and poplar. Lamb (1969), how­
ever, found no specific gravity change with growth rate in aspen. 
Taylor (I968) concluded for yellow poplar that silviculture was not use­
ful in controlling specific gravity, while Lamb (1967) found that specific 
gravity was highest in aspen growing on fertile soils and lowest where there 
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were nutrient deficiencies. Webb (1965) has indicated that specific gravity 
can be selected for and bred for in s;reetgum. 
Specific gravity has been found to be related to anatomical properties. 
The coll wall thickness of fibers are correlated highly vd-th specific 
gravity as mentioned earlier. Paul (196$) and Stauffer (1892) have found 
lower specific gravity in vessel-rich regions, while Kaeiser and Boyce (1965) 
found that the fiber percentage influenced specific gravity more than vessel 
percentage. 
Fiber Length 
Hardwood fiber length is also an important anatomical property in that 
it affects paper properties, and because it can be selected for genetically 
(Buijtenen, I960). Longer fibers increase the resultant paper's tear factor, 
tensile strength, and bursting strength, while also increasing fold endurance 
(Dadswell, _et al., 1959)« Cottonwood's fiber length to width ratio accord­
ing to Einspahr^ gives it's pulp satisfactory flexibility, confirmability, 
opacity and printability. 
The vri.thin-tree variation of diffuse porous wood's fiber length has been 
covered extensively in the world literature. Fiber length in general has 
been found to increase within a given growth increment vd.th height to a 
certain height and then decrease (Bisset and Dadswell, 1949) (Desch, 1932) 
(Dinwoodie, 1961) (Ontario Dept. of Lands and Forests, 1962). Scaramuzzi 
(1955), Taylor (1968) and Webb (1965), however, found decreasing fiber length 
with height,while Fogg (1961) found height a non-significant factor in 
Cottonwood fiber length variation. 
E^inspahr, o_2. cit., p. 2. 
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ConccrniuG the variation of fiber length with increasing age or year of 
formation at a given height, almost all authors are in agreement that fiber 
length increases from the central portion of the tree to the bark. Hot all, 
however, agree that this increase is linear. Buijtenen (I960) found a 
linear increase in fiber length with log age, while Fogg (1961) found a neg­
ative quadratic relationship with age in cottonwood. Chow (I96I), however, 
fitted an inverse polynomial with success to fiber length variation with re­
spect to age at a given height in sweetgum. 
Fiber length, in addition, varies with cambial age (Liese and Amraer, 
1958), Hejnowicz and Hejnowicz (1953) found increasing fiber length with 
cambial age in poplar. 
Like other anatomical properties, fiber length has been shown to be 
affected indirectly by environmental changes. Scaranuzzi (1959) concluded 
that growth rate was the most important factor in fiber length variation. 
The authors are of mixed opinions, however, as to the effect of growth rate 
on fiber length. Amos, _ot al. (1950) and Hildebrandt (I96O) found that 
increasing growth rate caused decreased cell length while Cech, al. 
(i960), Johnson (1942) and Kennedy (1957) all found increasing fiber length 
with increasing growth rate. Fogg (1961) and Lamb (196?) found in PQ-GUIUS 
that fiber length did not vary -with growth rate. In addition, cardinal 
direction has been studied in relation to fiber length variation. Most 
studies have found no effect of cardinal direction on fiber length; however, 
Liese and Arnmer (1958) found greater fiber length on the sunny side, while 
Hildebrandt (I960) found that cambial activity began first on the sunny side 
of poplars. Foulger and Ilacskaylo (1967) indicated that fiber length was re­
duced by certain nutrient deficiencies. 
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Various interrelationships have been found between fiber length and 
other anatomical properties. Shire (1968) has indicated that the longest 
fibers in cottonwood are associated with the highest fiber percentages and 
Webb (1965) indicated that fiber length increases even after specific 
gravity has leveled off in sweetgum. 
14 
PROCEDURE 
Field Procedure 
Tvfo dominant 21-year-old eastern Cottonwood (Populus doltoides Bartr.) 
trees were selected in 1965 from a plantation located on a Wabash silt loan 
flood plain along the Mississippi River in the Dupont State Forest, Ashburn» 
Missouri. The plantation, which is managed by the Missouri Conservation 
Commission, was planted in June, 1945, as 1-0 seedlings at six-foot spacing 
and was thinned after eight years. 
The trees were selected to have similar dominance, spacing and little 
lean or crook. In cottonv/ood, lean has been shovm to contribute to tension-
wood formation (Berlyn, I960) and tensionwood anatomical properties are 
known to be quite different than "normal" wood. Table 1 shows the charac­
teristics of the felled trees. 
Table 1. Cottonwood tree characteristics 
Tree 1 Tree 2 
DBH 16.2" 15.8" 
Lean a 2.0° S 
Total height 88*4" 81'4" 
Merchantable height b 64 »0" 58»10" 
Crown class Dominant Co-dominant 
A^t DBH 
To 4" top 
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Table 1 (Continued) 
Tree 1 Tree 2 
Spacing 15'0" 20*0" 
Height of first major branch 59>10" 45'7" 
Eight six-inch thick cross-sectional discs were cut approximately every 
eight feet up the bole of each tree, and then assigned coded identification 
numbers before being split on the north-south radial axis into four-inch 
rectangular sections. Thesp blocks were placed in moist plastic bags under 
ice to prevent staining. 
Preliminary Laboratory Procedure 
The four-inch rectangular sections were machined to a width of l^ - inch, 
so that 3/4 inch was left on each side of the pith, along the north-south 
axis. A sample block 3A inch along longitudinal axis was cut from the rec­
tangular sections. Alternate two-ring samples were cut from the bark to the 
pith similar to the technique of Paul (1963) and numbered from the bark. 
These samples were used for fiber length, proportion of wood elements, and 
cross-sectional fiber dimension measurements. 
Directly below the above samples another set of specimens l-y inch along 
the grain was taken. These samples were used for ring width and specific 
gravity measurements. The rest of the original rectangular section v/as 
saved in a freezer as spare material (Kandeel and Bensend, 1969). 
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laboratory Procedure 
Pronorl".-on of wood olcrr.cntG • 
?ro2 the tv.'o-rinrj saniplcs designated for doterinininc proportion of v/ood 
elencnts, transverse ::iicroto::ie sections were cut at approximately 20 nierons 
in thickness. The sections were cut in 70 percent ethyl alcohol, stained 
with phlozin and fast croon counter stain, and then permanently mounted in 
Permount. 
The technique used to determine the proportion of rood elements v;as 
developed by the author and Kandoel (1963), and included the use of a dot 
grid similar to that used by Lev.'is (196.':-). 
Photographs v/ith Kodak 35^  hijh contrast copy film were talien syste­
matically v:ith random start (Cochran, 1967). These photographs were used 
to determine the vessel percentage, ray percentage, and fiber percentage. 
This reduced the time of talrins observations and rave a permanent record for 
cross-checking. The number of photographs taken per slide gave an estimate 
of the proportion of wood olcnont means within the range defined by ±0.1 of 
the mean, 95 percent of the time as determined by Stein's two-stage sample 
procedure (Steel and Torrie, I960) (Appendix A). Fifteen photographs per 
section were used. 
Once the photographs were taken and developed, the film was projected 
by a standard microfilm reader in the Iowa State University Library onto a 
400 dot grid designed so that each dot sampled the area taken up by an 
average fiber (Lewis, 1964). 
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The number of dots falling in the vessels, rays, and fibers were 
counted and the number of each divided by the 400 gave the vessel percent, 
ray percent, and fiber percent respectively. The averages of 15 photo­
graphs were used. 
Dots falling on the compound middle lamella between two cell types 
were counted as one cell type the first tine and the other the next time 
the same situation was encountered. 
Data on vessel percent, ray percent and fiber percent were taken on 
alternate two-ring locations at each of the eight heights for the two trees. 
The number of observations made were 62 per tree. 
Vessel number 
In addition to vessel percent, the number of vessels per two-ring 
sample were determined by averaging the vessel number count over the 15 
photographs per slide. 
Cross-SGctional fiber dimensions 
Since the measuring of cell wall thickness, lumen diameter, and fiber 
diameter is very slow and expensive, these variables were measured from the 
same sections prepared for the proportion of wood element study and at only 
two heights per tree. Before felling the trees, it was decided that the 
approximate heights of 8 feet and 40 feet would be used. Eight feet repre­
sented lower bole wood and 40 feet represented wood in the proximity of the 
living crown. 
Fifty tangential double cell wall thicknesses, 50 cell lumen radial 
diameters, and 50 fiber tracheid radial diameters were measured per two-ring 
section with a 10mm AO filar micrometer at lOOOX under oil immersion with 
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the AO Microstar microscope. Smith (196?) has discussed the problems of 
hardwood cross-sectional dimension measurement. Due to the lack of radial 
alignment, groups of four or five fibers were measured linearly at random 
until 50 measurements had been made for each dimension (Appendix A). 
RlnR width 
On the green coded samples taken directly below the samples for propor­
tion of wood elements, and cross-sectional fiber dimensions, the total ring 
widths to the nearest tenth of a millimeter of the two-ring blocks were 
measured. These measurements were taken from the bark to the pith on both 
the north and south side of all heights of both trees with a Swedish measur­
ing device combining a Zeiss binocular microscope with an ADDO-X electric 
adding machine. 
Specific gravity 
On the same set of coded samples that ring widths were measured, alter­
nate two-ring blocks were cut in wedge shapes so as to sample equal areas of 
their given annual rings (Taylor, 1966). Then the oven-dry weight and green 
volume v;as used to calculate specific gravity. Volume was determined by 
water immersion (U.S.D.A., 1956) with a Mettler balance. 
Specific gravity measurements were made at all positions sampled in 
the tree boles. 
Fiber length 
On the same samples from which transverse sections were cut, random 
slivers were taken at approximately a 45 degree angle to the annual ring 
and macerated with Jeffrey's macerating solution. After staining, cecporary' 
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slides wore prepared, and projected to a flat surface with a prism-nirror 
combination mounted on an A-0 Microstar microscope. The apparatus was 
calibrated with a stage micrometer. Fifty fibers were measured systematically 
with a random start across the slide, and the average fiber length was de­
termined for each of the 124 two-ring samples (Appendix A). The measurements 
were made to the nearest hundredth of a millimeter. 
Due to the method of sampling, 124 matched observations were made on 
vessel percent, ray percent, fiber percent, vessel number, specific gravity, 
fiber length and ring width. In addition, 34 of these positions had obser­
vations made on cross-sectional dimensions of tangential double cell wall 
thickness, radial fiber lumen diameter and radial fiber tracheid diameter. 
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RESULTS 
General Considerations 
Trends 
The first objective of characterizing horizontal and vertical trends 
within the two trees was satisfied by plotting the data in logical sequences. 
The proportion of wood elements, ring width, cross-sectional fiber dimensions, 
specific gravity, fiber length, and vessel number were plotted according to 
Duff and Nolan's (195^ ) Type I and Type II sequences. The Type I sequence 
represents the plot of the dependent variables versus height within a given 
annual increment. This sequence represents the effect of height and dif­
ferent cambial ages on the anatomical properties. The Type II sequence rep­
resents the plot of the dependent variables versus age of tree when the wood 
was formed for a given height. This sequence reflects the year, and in­
creasing distance from the crown interaction and the effect of carabia of 
different ages. In addition, another sequence was plotted which represented 
the dependent variables plotted against cambial age for varying height. 
This allows one to observe the same cambial ages at the different heights; 
therefore, it is a measure of the effect of crown age and size on the ana­
tomical properties. 
A program was written in Fortran for the IBM 360-65 computer and the 
simplotter at the Iowa State University Computation Center employing graph­
ing routines outlined by Scranton (1968) (Appendix B ). The program de­
scribed the steps to plot the above sequences for all dependent variables. 
The independent variable height v/as coded from 1 to 8, where 1 represented 
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the lowest sampled height as shown in Table 2. 
Table 2. Actual heights in feet sampled with respective coded values for 
tree 1 and tree 2 
Tree 1 Tree 2 
Height Coded height Height Coded height 
1'6" 1 1'3" 1 
10*6" 2 91911 2 
19'9" 5 17151. 3 
271911 4 25'3" 4 
36'0" 5 321311 5 
46'0" 6 40» 3" 6 
.54'9" 7 48» 9» 7 
62*0» 8 53'9" 8 
Cambial age was coded from 1 to 5» where 1 represented the youngest cambial 
age. The age of the tree when the wood was formed was denoted the year of 
formation and was coded 1 to 5» with 5 representing most recent wood formed, 
and 1 representing the sample nearest the pith. The figures to follow are 
presented in terms of these coded variables. 
Model Search 
The second and third objectives of determining a model relating the 
dependent variables to height, age of tree when wood was formed, cambial age 
and cardinal direction, and investigating the interrelationships between 
those dependent variables were met through use of the IBM 360-65 computer at 
the Iowa State University Computation Center. 
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Due to the preliminary nature of this study and since determining the 
trends of the data was the objective rather than prediction, various tests 
were made and models fit on the same set of data. The author realizes that 
this is not a wise thing to do in a situation where exact probabilities are 
required, or where objectives call for precise prediction. However, not 
only was this study preliminary, but also the cost of more intensive sampl­
ing would have been extremely high. 
For the proportion of wood elements, specific gravity, fiber length, 
and vessel number the following classification model was fitted in an attempt 
to partition the total suns of squares into its components. The model was: 
Yjjk = A(I)-+ BCD + AB(IJ) + C(K) + BC(JK) + E(IJK) 
where: 
I = 1, 2; J = 1, 2; K = 1, 3; and, 
Y_„ = dependent anatomical variable 
A(I) = tree component 
B(J) = cardinal direction component 
AB(IJ) = tree x cardinal direction component 
C(K) = position within tree component 
BC(JK) .= cardinal direction x position component 
E(IJK) = experimental error 
Such a model can be thought of as explaining the total sums of squares 
in the above variables and can be visualized in a hypothetical two-dimension­
al graph as a line connecting all successive points. The graph of this 
model, however, is multidimensional. From this classification model it v;as 
possible to determine which components were significant, and then for each 
anatomical property to determine a more specific regression model after in­
corporating biological implications and facts gained from the literature. 
The full model was; 
i^ ~ ^ Oi 1^5i^ l5i * ^ I6i^ l6i ®17i^ l7i ®l8i^ l8i ®19i^ l9i 
®20i^ 20i 2^1i^ 21i ®22i^ 22i * ®23i^ 23i * ^24i%24i * ®25i^ 25i 
"** ®26i^26i ®27i^27i ®28i^28i ®29i^29i ®30i^30i ®31iSli 
+ B^2iS2i \ 
where; i = 1-8, 14 
B»s = partial multiple regression coefficients 
6^  = random error 
and where the Y^'s and X's are as outlined in Table 3» 
Table 3» Variables and their respective number code 
Vessel percentage 
Yg Ray percentage 
Y^  Fiber percentage 
Y^  Tangential double cell wall thickness C^ ) 
Y^  Radial fiber diameter (//) 
Yg Radial lumen diameter C^ ) 
Yfp Specific gravity 
Yg Fiber length (mm) 
Yg Ring width (cm) 
1^4 Vessel number 
/ 
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Table 3. (Continued) 
1^5 Height (feet) 
1^6 Age of tree when wood was formed (coded) 
Cambial age (coded) 
8^ Cardinal direction (coded) 
9^ 
Tree (coded) 
(Height)^  
2^1 (Age)^  
2^2 
2 (Cambial Age) 
2^3 Height X age 
2^4 
Height X cambial age 
•^ 25 
Age X cambial age 
2^6 Cardinal direction x tree 
2^7 
Height X cardinal direction 
2^8 Age X cardinal direction 
2^9 
Cambial age x cardinal direction 
5o 
Height X tree 
Si Age X tree 
S2 Cambial age x tree 
=33 Height (coded) 
The full model was fitted according to least squares, and the total 
sums of squares v;as compared to the classification model suns of squares. 
Due to the large number of independent variables, it was suspected 
that in most cases a large portion of the total sums of squares would be 
explained. Since there was a large number of interactions and biological 
interrelationships between independent variables in the full model, it v/as 
decided to attempt to reduce the number of terms in the model to a "reduced 
model" and still hope to explain a large portion of the total sums of 
squares. Thus, those variables which appeared to contribute very little to 
the total sums of squares were omitted giving a more simplified and easy 
model with which to work. Height and age of the tree when wood was formed 
(year of formation) were two terms which accounted for much variation in 
similar studies in the literature, and thus it was decided that these should 
be included in all reduced models. 
Cambial age was an independent variable that could not be accurately 
measured from the way the trees were sampled and it is somewhat confounded 
with height and year of formation. Therefore, multiple regression models 
were fitted to examine the contribution of linear cambial age, quadratic 
cambial age and linear two-way interactions. In all cases the portion of 
the total sums of squares of the dependent anatomical properties explained 
with the cambial age terms excluded from the model was only slightly less 
than the full model with them included. In addition, the "t" tests of sig­
nificance of the coefficients of the cambial age terms testing the difference 
between the coefficients and zero were non-significant in nearly every case. 
With this information in mind the cambial age terms were omitted from all 
the reduced models. 
From the remaining twelve independent variables, reduced models were 
selected for each anatomical property which significantly affect the prop­
erty and "explained" a large portion of the sums of squares accounted for 
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by the full model. This vras accomplished through the REX program for com­
binational screening according to Grosenbaugh (1967). 
The EEX program selected from all possible regressions of the twelve 
independent variables that model for each dependent variable which had the 
lowest relative mean square residual and included the fixed linear height 
and linear age of tree when wood was formed (year of formation) (Appen­
dix C). For this "best" model the program evaluates the coefficients, stan­
dard errors of coefficients, correlation matrix, variance-covariance matrix, 
standard partial regression coefficients and analysis of variance of regres­
sion. 
In some cases large models had the lowest relative mean square and in 
these cases based on biological information smaller models wore picked that 
had a low relative mean square compared to other smaller models. The re­
duced models have the advantage of having fewer terms and still accounting 
for most of the variability accounted for by the "best" model. 
It must be pointed out that models derived from the above procedure on 
one set of data should be used very carefully. In sequential tests of hy­
potheses, the latter tests are conditional on previous tests, and the re­
sulting test probabilities are not known. Therefore, more tests might be 
declared significant than actually are significant. Also, probability 
statements on prediction confidence intervals are usually biased. The ob­
jectives of the study, however, do not require prediction beyond this data, 
but rather mathematical trends for this given data set are of prime impor­
tance. Kandeel (1968) has used reduced models for graphical interpretation 
of anatomical property data by plugging known X's into them and then plot­
ting the predicted Y's. In spite of the above precautionary remarks, how­
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ever, prediction equations obtained by sequential methods are certainly more 
useful than none at all. 
Since the cross-sectional fiber dimensions were measured less exten­
sively due to the cost of sampling, they wore studied separately. The 
classification model was fitted as for the other dependent anatomical var­
iables; however, fewer degrees of freedom were available for the error. It 
v/as found for all three cross-sectional fiber dimensions, tangential double 
cell wall thickness, radial fiber diameter and radial lumen diameter, in no 
case was the position sums of squares significant within trees. It was 
suspected that the relative small sample size measured per position, and 
relatively few positions observed contributed to the large variance estimates 
that were observed. 
In spite of the non-significance of position sums of squares in all 
classification models for cross-sectional fiber dimensions, it v;as decided 
to find what portion of the total sums of squares could be attributed to 
models containing the linear and quadratic effects of height, age of tree 
when the wood was formed (year of formation), cambial age, cardinal direc­
tion, and tree. Several models containing these variables were examined 
by multiple regression analysis for each cross-sectional fiber dimension 
2 
and the model with the largest R v;as studied further. The KSX program used 
earlier in this study was not used for the fiber dimensions models. 
Vessel Percentage 
Trends 
The following figures were chosen to represent general trends that were 
observed in vessel percentage variation. For a given year of formation 
(Type I sequence) vessel percentage increases with increasing height, then 
levels off and finally decreases in the upper crown. Vessel percentages 
were lowest at the lowest heights and earliest years of formation (Figure 1). 
In the Type II sequence vessel percentage increases with increasing year of 
formation at all heights (Figure ?,), while for a given cambial age, vessel 
percentage increases with height, and at a given height vessel percentage 
increases with increasing cambial age (Figure 3)• Figures 4 and 5 show the 
extremes of vessel percentage variation. 
Models 
As shown in Table 4% the classification model for vessel percentage 
variation had significant "F" tests at the .05 probability level for the 
tree component (A) and the position component (C). This showed that vessel 
percentage variation v/as significant both within trees and between trees. 
The full model regression of vessel percentage v/as then run to deter­
mine which variables are influential in predicting v;ithin-tree variation of 
vessel percentage. Table 5 shows that the regression mean square had a 
significant "F" statistic at the .05 probability level. The multiple 
v/as equal to 0.555 indicating that 55.5 percent of the total variability was 
"explained", and the standard error v/as 3-661. The "t" tests for the partial 
regression coefficients for the full model were not significantly different 
from zero, however. 
The BEX program indicated that a reduced model shown in Tables 6 and 
7 had a significant "F" test for regression at the .05 probability level and 
accounted for 53.6 percent of the total variation. Its standard error v/as 
3.540. The reduced model accounted for only a few percent less than the 
Figure 1; Vessel percentage versus coded height for the north side of tree 2 for coded years of 
formation (See Table 2) 
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Figure 2. Vessel percentage versus coded year of formation for the north side of tree 2 at coded 
heights (See Table 2) 
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Figure 5. Transverse section showinc lev; vessel percentage (176X) 

Table 4. Vessel percentage analysis of variance (classification model) 
Degrees of Sum of 
Source freedom squares Mean square 
A (Tree) 1 142.12 142.12 10.91* 
B (Cardinal Direction) 1 17.37 17.57 1.55 
AB 1 8.05 8.05 0.62 
C (Position) 50 1944.16 64.81 4-97* 
BC 50 267.45 8.91 0.68 
Error 60 781.76 15.05 
Total 125 5160.88 
F (1, 60, .05) tabular = 4.00 
F (50, 60, .05) -tabular = 1.65 
•Denotes F greater than tabular F (.05) 
Table 5» Analysis of variance of vessel percentage regression (full model) 
Degrees of Sum of 
Source freedom squares Mean square F 
Regression • IS 1755.51 97.42 7.27* 
Residual 105 1407.59 15.40 
Total 125 5160.89 
2 Multiple R = 0.555 Standard error = 5.661 
F do, 105, .05) tabular = 1.70 
•Denotes F greater than tabular F (.05) 
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full model in total sums of squares of vessel percentage, yet it had the 
advantage of having twelve fewer terms. 
The partial regression coefficients for the reduced model and the "t" 
tests for testing HqtB '^s = 0 are shown in Table ?. Variables X^ (^height), 
XigCyear of foraation) and X^  ^(height x tree) were non-significant at 
the .05 probability level. However, they were highly intercorrelated with 
2 
variables X^ q (height) , X^  ^(height x year), and X^  ^(year x tree) which 
were significant. It was speculated that this might have masked their sig­
nificance, and it was decided to retain them in the model and not risk los­
ing addition regression sums of squares. 
The reduced model, which can be used for predictive purposes for this 
population, was as follows; 
Y = 27.6062 + 0.1865 X^  ^- 0.0256 X^ g - 0.0059 X^ Q + 0.0438 X^ , 
- 0.0471 X„ - 0.9562 X__. 
:>o , .. 51 
The standard error of the estimate (Y) can be found according to Draper and 
Smith (1967) as s^ y = s^ yx Vx^ CXQ 
2 
where s y = variance of Y; 
2 
s yx = error mean square; . 
XQ = specific set of X's matrix; 
and C = (X^ X)"*^ . (See Appendix D for inverses) 
The 95 percent confidence interval of Y is equal to Y ± t ((n-p-1), .05) • 
, 1 
s^ .^ '/XQCXQ whore n = total number of observations; p = number of regression 
terms; and the remaining variables are as defined above. 
An example of a specific set of X's is: 
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Table 6. Analysis of variance of vessel percentage regression (reduced 
model) 
Degrees of Sun of 
Source freedom squares Mean square F 
Regression 6 1694.65 282.44 22.54* 
Residual 117 1466.25 12.53 
Total 125 3160.89 
Multiple = 0.536 Standard error = 3.540 
F (6, 117, .05) tabular = 2.l8 
•Denotes F greater than tabular F (.05) 
Table 7« Vessel percentage partial regression coefficients and their re­
spective tests (reduced model) 
Variable b value 
Standard error 
of b t 
Intercept 27.6062 
(height) O.I865" 0.0978 I.9O6 
X16 (year of formation) - 0.0256 0.0648 -0.039 
X^ Q (height)^  - 0.0039 0.0011 -3.587* 
Xg^  (height X year) 0.0438 0.0163 2.692* 
X,^  (year x tree) 
50 
- 0.0471 0.0364 -1.291 
X^  ^(height X tree) - 0.9562 0.3144 3.041* 
t (.05) tabular = I.96 
•Denotes t greater than tabular t (.05) 
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1^6 — 5.00, 
2^0 
= 2.25, 
2^3 7.50, 
5o 
= 1.50, and 
3^1 
= b 0
 
A 
For this set of X's, Y = 23.2261 and 5* is 4.3973. Therefore, the probabil­
ity that the true mean value of Y for this set of X's lies between 18.8280 
and 27.6234 is 0.95. 
Vessel percentage was negatively correlated with fiber percentage as 
their simple correlation coefficient was -0.9768. In addition the simple 
correlation coefficient of vessel percentage and ring width was -O.6OI4, 
and of vessel percentage and vessel number was 0.5736. The simple correla­
tions must be used carefully in biological studies due to large degree of 
intercorrelation between variables. Partial correlation coefficients are 
often more useful (Snedecor and Cochran, 1967) (Appendix E). 
Ray Percentage ' 
Trends 
The following figures were chosen to represent general trends that 
were observed in ray percentage variation. 
For a given year of formation ray percentage was extremely variable 
with increasing height (Type I sequence). Ray percentage was the highest 
at the lowest height near the pith, but decreased rapidly with height within 
that annual ring (Figure 6). In the Type II sequence (Figure 7), ray per­
centage was shown to decrease slightly with increasing year of formation at 
lower heights, but at upper crown heights it was more uniform and in some 
Figure 6. Ray percentage versus codod height for the north side of tree 1 for coded years 
formation (See Table 2 ) 
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cases slightly increased with increasing year of formation, while for a 
given cambial age ray percentage was extremely variable with height. At 
lower heights, however, there was a trend of decreasing ray percentage 
with increasing cambial age (Figure 8)Figures 9 and 10 show extreme cases 
of ray percentage variation. 
Models 
Table 8 shows that the classification model for ray percentage varia­
tion had significant "F" tests for the tree component (A) at the .05 proba­
bility level. The position component (C) was non-significant indicating 
within tree position mean square was small compared to the error mean square. 
It v:as decided in spite of this to run the full model regression to de­
termine what factors were influential in predicting the ray percentage vari­
ation. Table 9 shows the full model regression had a significant "F" statis-
2 tic at the .05 probability level. The multiple "R " was equal to 0.339 and 
the standard error was 0.837. It was not surprising that only 33.9 percent 
of the total variation was "explained" by this model because of the non­
significant classification component for position sums of squares. 
The partial regression coefficients were tested with the "t" test to 
determine their significance to the model. In all cases, the coefficients 
were not significantly different from zero at the .05 probability level. 
The HEX program indicated that a reduced model shown in Table 10 "ex­
plained" 28.5 percent of the total sums of squares and had a standard error 
of 0.824 with only six terms in the model. The regression mean square was 
significant at the .05 probability level. The partial regression coeffi­
cients for the reduced model and their respective "t" tests are shown in 
2 Table 11. Variables (year), X^  ^(tree), and X^  ^(year) had 
Fieiire 8. Ray percentage versus coded cambial age for the south side of tree 1 at coded heights 
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Table S. Ray percentase analysis of variance (classification nodel) 
Degrees of Sun of 
Source freodon squares Mean square • F 
1 16.99 16.99 22.84* 
B 1 1.66 1.66 2.24 
KB 1 0.54 0.54 0.72 
C 50 . 50.07 1.00 1.55 
BC 50 17.27 0.58 0.77 
Error 60 44.65 0.74 
Total 125 111.17 
L^etters denote sane as in Table 4 
F (1, 60s , .05) tabular = : 4.00 
F (50J 60 J .05) tabular = 1.65 
*Denotcs F greater than tabular F (.05) 
Table 9« Analysis of variance of ray porcentage regression (full nodel) 
Degrees of Sun of 
Source freedom squares Mean square F 
Regression 18 57.69 2.09 2.99* 
Residual 105 75.48 0.70 
Total 123 111.17 
2 Multiple R = 0.559 Standard Error = 0.857 
?(18, 105, .05) tabular = 1.70 
D^enotes F greater than tabular F (.05) 
55 
Table 10. Analysis of varianco of ray percentasc rccression (rcduced model) 
DoerCOS of Sun of 
Source freedom squares Mean square F 
Segression 6 51-65 5.2? 7.76* 
Residual 11? 79.52 0.68 
Total 123 111.17 
Multiple = 0.285 ' Standard error = O.824 
F (6, 117, .05) tabular = 2.18 
D^enotes F greater than tabular F (*05) 
Table 11. Ray percentage partial regression coefficients and their respec­
tive tests (reduced model) 
Variable b value 
Standard error 
of b t 
Intercept 3.8857 
(height) 0.0281 0.0173 1.626 
X-, (year of formation) 
lb -1.1741 0.3722 -3.154* 
1^9 (tree) 0.8336 0.1559 5.346* 
(year)^  0.1652 0.0612 2.698* 
2^5 (^ G^ight z year) —0.0066 0.0044 -1.504 
X^  (cardinal direction 
% tree) 
-0.1653 0.0935 -1.765 
t «> (.05) tabular = 
D^enotes t greater 
 1.96 
than tabular t (.05) 
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coefficients sicnificantly different from zero; however, variables 
(height), X^ - (heisht x year) and X^ g (cardinal direction x tree) were not 
significantly different from zero. It might be speculated that the inter-
correlation of these non-significant variables with the significant ones 
might have masked their significance. Therefore, they were retained so that 
no additional sums of squares would be lost. 
The reduced predictive model was as follows; 
Y = 3.8837 + 0.0281 X^  ^- 1.1741 X^ g + 0.8336 X^ g + 0.1652 X^  ^
- 0.0066 X^  ^- 0.1653 Xgg 
The standard error of the estimate can be calculated for a specific set of 
X's by a similar procedure to the one explained for the vessel percentage 
model. 
Hay percentage was negatively correlated with specific gravity and had 
a simple correlation coefficient of -O.3278. 
Fiber Percentage 
Trends 
The following figures were chosen to represent general trends that 
were observed in fiber percentage variation. 
The general trend within one year of formation was that of decreasing 
fiber percentage with increasing height. The youngest wood had the highest 
fiber percentage, and the oldest wood had the lowest fiber percentage 
(Figure 11). The Type II sequence (Figure 12) shows decreasing fiber per­
centage v/ith increasing year of formation for each height. For a given 
cambial age, fiber percentage was extremely variable with height. Within a 
Figure 11. Fiber percentage versus coded height for the north side of tree 2 for coded years 
formation (See Table 2) 
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Figure 12, Fiber percentage versus coded year of formation for the north side of tree 2 at coded 
heights (See Table 2 ) 
o 
o 
cJ. 
r-
o 
o 
UJ^  
CD 
CC 
gs 
CJlO. 
ûCin 
LU 
Û_ 
CCo 
UJO 
COm. 
»rï' 
Lu 
o 
o 
ë-
~i 
l .GO 
1 I 
.ua 3.20 
TERR or PGR 
0 . 8 0  
M SIDE THEE 2 
HEIGHT 1 tCClDED) o 
HEIGHT 2 A 
HEIGHT 3 -[-
HEIGHT l i  X 
HEIGHT 5 o 
HEIGHT 6 
HEIGHT 7 X 
HEIGHT a z 
CTN 
o 
i 1— 
U.BO .5.60 G.UO 
61 
Given height, however, fiber percentage decreases with increasing cambial 
age (Figure 13) • Figures 1/j. and 15 show extremes in fiber percentage var­
iation. 
Models 
The classification model for fiber percentage had two significant 
components of the total sums of squares at the .05 probability level. Table 
12 shows that the tree component (A) and the position component (C) were 
significant. Therefore, fiber percentage variation was significant both be­
tween and within trees. 
In order to determine what variables are influential in predicting 
within-tree variation of fiber percentage, the full model was fitted. Table 
.13 shows that the regression mean square was significant at the .05 proba-
2 bility level. The multiple "R " was 0.534 and the standard error v/as 3«733« 
The "t" tests of significance for testing H^ iB^ 's = 0 were non-significant 
for all partial regression coefficients at the .05 probability level. 
The SEX program indicated that a reduced model with only six terms had 
a significant "F" test for regression at the .05 probability level. As 
shown in Table 14, this reduced model still "explained" 51*5 percent of the 
total variation and had a standard error of 3*609" This smaller model was 
preferred over the full model because it had fewer terms but still "ex­
plained" a large portion of the total fiber percentage sums of squares. 
The fiber percentage partial regression coefficients and their respec­
tive "t" tests for testing them different from zero is shown in Table 15. 
2 Variables (height) , X^  ^(height x year), and X^  ^(year x tree) were 
significant at the .05 probability level, while variables X^  ^(height), 
Figure 13. Fiber percentage versus coded cambial age for the north side of tree 2 at coded heights 
(See Table 2) 
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Table 12. Fiber pcrcontacc analysis of variance (classification model) 
Source 
Degrees of 
freedom 
Sum of 
squares Mean square F 
1 • 258.77 258.77 19.34* 
B 1 32.43 32.43 2.42 
AB 1 5.47 5.47 0.41 
C 30 1736.21 57.87 4.32* 
BC 30 306.11 10.20 0.76 
Error 60 803.00 13.58 
Total 123 3141.98 
L^etters denote same as Table 4 
F (1, 60, .05) tabular = 4.00 
F (30, 60, .05) tabular = 1.65 
D^enotes F greater than tabular F (.05) 
Table 15. Analysis of variance of fiber percentage regression (full nodel) 
Source 
Degrees of 
freedom 
Sum of 
squares Mean square F 
Hegression 18 1678.40 95.24 6.69* 
Residual 105 1463.59 13.94 
Total 123 3142.00 
Multiple = 0.534 Standard Error = 3.733 
F (18, 105, .05) tabular = 1.-70 
*Denotcs F greater than tabular F (.05) 
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Table 14. Analysis of variance of fiber percentace regression (reduced 
model) 
Desroes of Sum of 
Source freedom squares Mean square F 
Recression 6 1618.26 269.71 20.71* 
Residual 117 1525.74 15.02 
Total 125 5142.00 
2 
Multiple R = 0.515 Standard error = 5.609 
F (6, 117, .05) tabular = 2.18 
D^enotes F greater than tabular F (.05) 
Table 15. Fiber percentage partial regression coefficients and their re­
spective tests (reduced aodel) 
Variable b value 
Standard error 
of b t 
Intercept 68.1762 
(height) - 0.1825 0.0997 "1.828 
(year of formation) 0.6491 0.6608 0.982 
X^ Q (height)^  0.0058 0.0011 5.445* 
Xg^  (height X year) — 0.0456 0.0166 -2.748* 
X^ Q (height X tree) 0.0512 0.0571 1.379 
X^ i (year % tree) - 1.1905 0.5205 -5.714* 
t <=» (.05) tabular = 1.96 
D^enotes t greater than tabular t (.05) 
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^16 of formation) and (height x tree) were not. Variable X^^ 
2 (heicht); however, was highly intercorrelated with variable X^Q (height) , 
X__ (height X year) and X_^ (height x tree). Variable X_, (year of forna-
lb 
tion) was highly intercorrelated with variables (height x year) and 
X^l (year x tree). This intorcorrelation may have masked their significance 
and thus the non-significant terms were retained in the model so that no 
additional sums of squares would bo lost. 
The reduced predictive model was as follows: 
Y = 68.1762 - 0.1823 X^  ^+ 0.649% + 0.0058 X^ q - 0.0456 X^  ^
+ 0.0512 X^ Q - 1.1905 X . 
The standard error of the estimate may bo calculated for a specific set of 
X's quite similarly to the one shown for the vessel percentage model. 
Specific Gravity 
Trends 
The following figures were chosen to represent general trends that 
were observed in specific gravity variation. 
In the Type I sequence (Figure 16) within a given year of formation 
specific gravity increases with height. The lowest specific gravity was 
near the pith at the lowest height. At the lower levels specific gravity 
for a given height tended to increase, and then decrease with increasing 
year of formation. At the upper heights specific gravity remained quite 
uniform (Figure 17)• For a given cambial age specific gravity increases 
with height (Figure 13), and at a given height, specific gravity increases 
with cambial age, and then decreases. 
Figure 16. Specific gravity versus coded height for the south side of tree 2 for coded year 
formation (See Table 2 ) 
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Figure 17. Specific gravity versus coded year of formation for the south side of tree 2 at coded 
heights (See Table 2 ) 
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Figure IS. Specific gravity versus coded cambial age for the south side of tree 2 at coded heights 
(See Table 2) 
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Models 
The specific gravity classification model (Table 16) had two components 
tree (A) and position (C), that had significant "F" tests at the .05 proba­
bility level. This meant that specific gravity variation is significant 
both between and within trees. The full model regression was fitted in an 
attempt to determine variables useful in predicting the within-tree varia­
tion of specific gravity. It "explained" 70.S percent of the total sums of 
squares and had a standard error of 0.0225 as shown in Table 17. The regres 
sion "F" test was significant at the .05 probability level. The partial 
regression coefficients for the full model were not significantly different 
from zero at the .05 probability level. 
The EEX program indicated that a reduced model containing five terms 
accounted for 68 percent of the variation and had a standard error of 0.022 
as shown in Table 18. The regression "F" test was significant at the .05 
probability level. The partial regression coefficients as shown in Table 19 
Variables (height), (year of formation), X^  ^(year)^  and X^  ^
(year :c tree) were significantly different from zero as tested by the "t" 
statistic. Variable X^  ^(tree) was highly correlated with X_^  (year x tree) 
and their simple correlation coefficient was 0.6718. Therefore, it was 
decided that possibly this intercorrelateon had masked its significance and 
that X^ ç (tree) should be retained in the model so additional regression 
sums of squares were not lost. 
The following predictive model obtained for this population; 
Y = 0.2328 + 0.0010 X^  ^4- 0.0351 - 0.0126 X^  ^- 0.0028 X 
- 0.0070 X^  ^
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Table 16. Specific gravity analysis of variance (classification model) 
Decroes of Sum of 
Source freedom squares Mean square F 
1 0.05068 0.05068 94.39* 
B 1 0.00055 0.00055 0.67 
AB 1 0.00008 0.00008 0.16 
C 30 0.08270 0.00276 5.13* 
BC 30 0.01440 0.00048 0.89 
Error 60 0.05222 0.00054 
Total 123 0.18046 
1 
"Letters denote sane as Table 4 
F (Ij 60, .05) tabular = 4.00 
F (50, 60, .05) tabular = 1.65 
*Denotes F greater than tabular F (.05) 
Table 17. Analysis of variance of specific gravity regression (full model) 
Source 
Degrees of 
freedom 
Sum of 
squares Mean square F 
Regression 18 0.1274 0.00708 14.01* 
Residual 105 • 0.0531 0.00051 
Total 123 0.1805 
Multiple = 0.706 Standard error = 0.0225 
F (18, 105, .05) tabular = 1.70 
•^ Denotes F greater than tabular F (.05) 
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Table 18. Analysis of variance of specific gravity regression (reduced 
model) 
Decrees of Sum of 
Source freedom squares Mean square F 
Regression 5 0.1239 0.02477 $1.64* 
Residual 118 0.0566 O.OOO48 
Total 125 0.1805 
Multiple = 0.686 Standard error = 0.022 
F (5j 118, .05) tabular = 2.29 
•»F greater than tabular F ( .05) 
Table 19. Specific gravity partial regression coefficients and their re­
spective tests (reduced nodel) 
Variable b value 
Standard error 
of b t 
Intercept 0.2828 
(height) 0.0010 0.00011 9.084* 
X^ g (year of formation) 0.0351 0.01043 3.361* 
X^ g (tree) -0.0126 0.01949 -1.051 
Xg^  (year)^  -0.0028 0.00136 -2.058* 
X_^  (year % tree) -0.0070 0.00324 -2.174* 
t « (.05) tabular = I.96 
D^enotes t greater than tabular t (.05) 
The standard error of the estimate Y can be calculated in a similar manner 
for a specific set of X's to that shown for vessel percontage. 
Specific gravity was negatively correlated with ray percentage and 
their simple correlation coefficient was -0.5273, while specific gravity and 
ring width's simple correlation coefficient was -O.3049. Specific gravity 
and vessel percentage simple correlation coefficient was O.O304 and specific 
gravity and vessel number's simple correlation coefficient was 0.1547. 
Fiber Length 
Trends 
The following figures wore chosen to represent general trends that 
were observed in fiber length variation. 
For a given year of formation fiber length was quite uniform with in­
creasing height. There was a slight decrease in the outer rings at the 
upper heights. The shortest fibers were in the youngest year of formation 
at the second height (Figure 19). In the Type II sequence, fiber length in­
creases with increasing year of formation, levels off and then decreases 
slightly for a given height. The upper crown height Type II curves were much 
lower than the lower heights (Figure 20). For a given cambial age, fiber 
length is extremely variable. V/ith increasing cambial age for most heights, 
fiber length increases, levels off, and then decreases (Figure 21). 
Models 
Table 20 shows that only the position component (C) of the classifica­
tion model was significant at the .05 probability level. The tree component 
(A) was not significant for the fiber length model which was unique in this 
study. 
Figure .19. Fiber length (rnrrO versus coded height for the south side of tree 2 for coded years of 
formation (See Table 2 ) 
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Figure 21« Fiber length (mm) versus coded cambial age for the south side of tree 2 at coded heights 
(See Table 2 ) 
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Table 20. Fiber length analysis of variance (classification model) 
Source 
Degrees of 
freedom 
Sum of 
squares Mean square F 
1 0.0127 0.0127 2.81 
B 1 0.0056 0.0036 0.80 
1 0.0027 0.0027 0.60 
C 30 1.0257 0.0542 7.58* 
3C 50 0.1150 0.0038 0.85 
Error 60 0.2705 0.0045 
Total 125 1.4302 
Letters denote same as in Table 4 
F (1, 60, .05) tabular = 4.00 
F (50, 60, .05) tabular = 1.65 
D^enotes F greater than tabular F (.05) 
Table 21. Analysis of variance of fiber length regression (full model) 
Degrees of Sua of 
Source freedom squares Mean square F 
Regression 13 0.9098 0.050$ 10.20* 
Sesidual 105 0.5204 0.0050 
Total 125 1.4502 
Multiple = 0.656 Standard Error = 0.0704 
F (18, 105, .05) tabular =1.70 
*Denotes F greater than tabular F (.05) 
The full nodol waa fitted to determine the variables that can be used 
to predict fiber longth for this population. Table 21 shows that the re-
Cression luean square was significant at the .05 probability level as shown 
by the "F" statistic. The full model accounted for 65.6 percent of the 
total variation and had a standard error of O.O704. All partial regression 
coefficients were not significantly different from zero. 
The EEX program indicated that a reduced model with only five terms 
explained 6I.4 percent of the total variation of fiber length and had a 
standard error of O.O684. Table 22 indicates that the regression mean 
square was significant at the .05 probability level as determined by the "F" 
statistic. 
The partial regression coefficients of the reduced model are shown in 
Table 25 with their respective "t" tests for testing them different from 
2 
zero. Variables (height), (year of formation), X^  ^(year) and X^  ^
2 (height z year) were significantly different from zero, while X^ Q (height) 
2 
v;as not. Variable X^ Q (height) was highly correlated with X^  ^(height), 
thus it was speculated that its significance might have been masked by this 
_ 2 
correlation, it was decided, therefore, to retain X^Q (height) rather than 
to risk losing sums of squares. 
The following model can be used for predicting fiber length for this 
population: 
Y = 0.65637 - 0.00475 X^  + 0.16205 - O.OOOO4 X^ q 
- 0.01787 x__ + 0.00098 X^ _ d± 
The standard error of the fiber length estimate for a specific set of X's 
can be calculated in the same manner as it was done for vessel percentage. 
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Table 22. Analysis of variance of fiber length regression (reduced model) 
Degrees of Sum of 
Source freedom squares Mean square F 
Regression 5 0.8775 0.1775 37.47* 
Residual 118 0.5527 0.0047 
Total 123 1.4302 
Multiple = 0.614 Standard error = O.O684 
F (5, 118, .05) tabular =2.29 
*Denotes F greater than tabular F (.05) 
Table 23. Fiber length partial regression coefficients and their respective 
tests (reduced model) 
Variable b value 
Standard error 
of b t 
Intercept 0.65637 
(height) 
-0.00475 0.00166 -2.863* 
1^6 formation) 0.16205 0.03089 5.246* 
XgQ (height)^  -0.00004 0.00002 
-1.935 
X^ i (year)^  -0.01787 0.00509 -3.512* 
Xg^  (height X year) 0.00098 0.00037 2.630* 
t "» ( .05) tabular = 1.96 
•Denotes t greater than tabular t (.05) 
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Fiber length was negatively correlated with ring width. Their correla- ' 
tion coefficient was -O.414.3. 
Vessel Number 
Trends 
The following figures were chosen to represent general trends that 
wore observed in vessel number variation. 
Vessel number increases within a given annual ring with increasing 
height. The highest vessel numbers were in the uppermost height (Figure 22). 
In the Type II sequence (Figure 25) vessel number is quite uniform in the 
lower heights with increasing year of formation, but in the upper crown 
heights the vessel number decreases vri.th increasing year of formation. 
For a given cambial age (Figure 24) vessel number increases with increasing 
height. With increasing cambial age at a given height, vessel number is un­
iform at lower heights and decreasing at upper heights. Figures 25 and 26 
show the extremes in vessel number variation. 
Models 
The vessel number classification model as shown in Table 24 had two 
significant components of variation at the .05 probability level. The tree 
component (A) and the position component (C) were significant, thus indicat­
ing both between and within tree variation of vessel number. 
The full model was fitted on vessel number to determine what variables 
might be used to predict vessel number in this population. Table 25 shows 
that the full model regression was significant at the .05 probability level 
according to the "F" statistic. The full model multiple was 0.732 and 
Figure 22. Vessel number versus coded height for the south side of tree 1 for coded years of 
formation (See Table 2) 
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Figure 23. Vessel number versus coded year of formation for the south side of tree 1 at coded 
heights (See Table 2 ) 
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Figure 24« Vessel number versus coded cambial age for the south side of tree 1 at coded heights 
(See Table 2 ) 
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Figure 25. Transverso section showing high vessel number (I76X) 
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Figure 26. Transverse section showing low vessel nunber (I76X) 
100 
Table 24. Vessel number analysis of variance (classification model) 
Source 
Degrees of 
freedom squares Mean square F 
1 180 .70 180.70 39.62* 
B 1 1 .41 1.41 0.31 
AB 1 2 .05 2.05 0.45 
C 30 714 .84 23.83 5.22* 
BC 30 62 .90 2.10 0.46 
Error 60 273 .64 4.56 
Total 123 1235 .55 
Letters denote same as Table 4 
F (1, 60j .05) tabular = 4.00 
? (50, 60, .05) tabular =1.65 
•*F greater than tabular F (.05) 
Table 25. Analysis of variance of vessel number regression (full model) 
Degrees of Sum of 
Source freedom squares Mean square F 
Regression I8 904.66 50.26 15.95* 
Residual 105 330.90 3.15 
Total 123 1235.56 
Multiple = 0.732 Standard Error = 1.775 
F (18, lo5j .05) tabular = 1.70 
D^enotes F greater than tabular F (.05) 
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the standard error was 1.775. The partial recression coefficients for this 
model were not significantly different from zero at the ,05 probability 
level. 
The lîEX program indicated that a reduced model with only five terms 
had a significant regression at the .05 probability level as determined by 
the "F" statistic, and accounted for 70.8 percent of the total sums of 
squares with a standard error of 1.750 (Table 26). 
The partial regression coefficients and their respective "f? tests of 
hypotheses for H^ tB^ 's = 0 are shown in Table 27. Variables (height), 
(year of formation), and X^  ^(year x tree) were significantly different 
from zero, but X^  ^(tree) and X„^  (year)^  were not. Variable X^  ^(tree), 
however, was highly correlated with X^ g (year of formation) with a simple 
2 
correlation coefficient of 0.6718, and variable X^  ^(year) was highly cor­
related with X^ g (year of formation) with a correlation coefficient of 
0.9851. It was speculated that this intercorrelation might have masked 
their significance, and so these variables were retained so as to not lose 
addition sums of squares for regression. 
The following model can be used for prediction of vessel number in this 
population. 
Y = 14.033 + 0.123 X_ - 2.719 - 1.210 X__ - 0.157 X„ J-P ±0 19 21 
-i- 1.155 X^  ^
The standard error of the estimate (Y) can be calculated in a similar 
manner as the one shown for vessel percentage. Vessel number was highly 
correlated with vessel percentage and fiber percentage vd.th simple correla­
tion coefficients equal to 0.5736 and -O.6O38 respectively. 
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Table 26. Analysis of variance of vessel number regression (reduced model) 
Degrees of Sum of 
Source freedom squares Mean square 
Regression 5 874.22 174.84 57.10* 
Residual 118 561.34 3.06 
Total 123 1255.56 
2 Multiple R = 0.708 Standard error = 1.750 
F (5, 118, .05) tabular = 2.29 
"Denotes F greater than F (.05) 
Table 27. Vessel number partial regression 
tive tests (reduced model) 
coefficients and their respec-
Variable b value 
Standard error 
of b t 
Intercept 14.033 
X^ (^height) ' . 0.123 0.00912 13.539* 
X16 (year of formation) - 2.719 0.83376 - 3.261* 
X^ g (tree) - 1.210 0.95467 - 1.267 
Xg^  (year)^  - 0.157 0.10877 1.443 
X^ l (year x tree) 1.155 0.25880 4.461* 
T (.05) tabular = 1.96 
•Denotes t greater than tabular t (.05) 
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Ring Width 
Trends 
The following figures were chosen to represent general trends that 
were observed in ring width variation. 
In the Type I sequence (Figure 27) ring width is quite uniform with 
increasing height for older years of formation. For the youngest year of 
formation, ring width decreases with height, and the lowest height has the 
largest ring width observed. Ring width decreases with increasing year of 
formation for all heights except in the upper crown (Figure 28). For a 
given cambial age (Figure 29) ring width decreases with increasing height. 
In given heights the ring width decreases with increasing cambial age. 
Models for ring width were not developed because of the emphasis 
placed on this dissertation of anatomical properties. 
Tangential Double Cell Wall Thickness 
Trends 
Tangential double cell wall thickness was quite uniform in one tree 
with increasing height for a given year of formation, but variable in the 
other. For a given height the cell wall thickness tends to increase with 
increasing year of formation (Figures 30 and 31), and the center of the 
bole at the lower heights had the lowest cell wall thickness. 
Model 
The classification model had no components significant for cell wall 
thickness at the .05 probability level. 
Figure 27. Ring width (mm) versus coded heights for the south side of tree 3. for coded years of 
formation (See Table 2 ) 
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Figure 28. Ring width (mm) versus coded year of formation for the south side of tree 1 at coded 
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Figure 29. Ring width (ram) versus coded cambial age for the south side of tree 1 at coded heights 
(See Table 2 ) 
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Figure 30. Tangential double cell wall thickness versus coded year of formation for the north 
side of tree 1 at coded heights (See Table 2) 
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Figure $1. Tangential double cell wall thickness (Xc) versus coded year of formation for the south 
side of tree 1 at coded heights (See Table 2 ) 
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A model containing linear and quadratic height and age of tree when 
wood was formed (year of formation) had a significant regression at the .05 
2 probability level. The multiple "R " was O.407 and the standard error was 
O.65S as shown in Table 28. 
The partial regression coefficients and the "t" statistics for testing 
= 0 are shown in Table 29. Variables (height), X^ q (height)^  
2 
and (year) were not significantly different from zero, but X^ g (year 
of formation) was significant. It was suspected that since X^  ^(height) 
2 2 
and X^ Q (height) , and X^ g (year of formation) and X^  ^(year) were highly 
correlated, the intercorrelation may have masked their significance. They 
were retained on this basis. The reduced model which can be used for pre­
dictive purposes on these data was; 
Y = 1.6258 + 0.2306 X__ + 0.9821 - 0.0048 X^ „ - 0.1038 X^ , 
Ip lo 20 21 
The standard error of the estimate (Y) for a specific set of X's can be 
calculated in a similar manner to that procedure used on vessel percentage. 
Radial Fiber Diameter 
Trends 
Radial fiber diameters (Figures 32, 33, 34 and 35) tends to increase 
Tîjith increasing years of formation for a given height. Fiber diameters 
were highest in the lower part of the tree. The above Figures, however, also 
indicate extreme variability. 
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Table 28. Analysis of variance of tangential double cell wall thickness 
regression (quadratic model) 
Source 
Degrees of 
freedom 
Sum of 
squares Mean square F 
Regression 4 8.112 2.023 4.98* 
Residual 29 11.812 0.407 
Total 33 19.924 
Multiple = 0.407 Standard error = 0.638 
F (4, 29» .05) tabular = 2.70 
•Denotes F greater than tabular F (.05) 
Table 29. Tangential double cell wall thickness partial regression coef­
ficients and their respective tests (quadratic model) 
Standard error 
Variable b value of b t 
Intercept 1.6238 
(height) O.23O6 0.1376 1.676 
X (year of 
16 formation) 0.9821 0.4461 2.202* 
XgQ (height)2 -0.0048 0.0028 -1.679 
X^  ^(year)^  -0.1038 O.O69I -1.502 
t (29, .05) tabular = 2.045 
•Denotes t greater than t (.05) 
Figure 52. Radial fiber diameter (x^ ) versus coded year of formation for the north side of tree 
1 at coded heights (See Table 2) 
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Figure 35. Radial fiber diameter (X-) versus coded year of formation for the south side of tree 1 
at coded heights (See Table 2) 
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Figure $4. Radial fiber diameter versus coded year of formation for the north side of tree 2 
at coded heights (See Table 2) 
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Figure 35» Radial fiber diameter (yk) versus coded year of formation for the south side of tree 2 
at coded heights (Sec Table 2) 
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Model 
The radial fiber diameter classification model indicated that no com­
ponents of variation were significant at the .05 probability level. 
A reduced model containing all linear terms vfas fitted and is shown 
in Table 30. The "F" statistic for regression was significant at the .05 
2 probability level. The multiple "B " was 0.602 and the- standard error was 
1.451. 
The partial regression coefficients and their respective "t" tests for 
H^ rB^ 's = 0 are shown in Table 51. Variables (height), X^ g (year of 
formation), and X^  ^(tree) were significant at the .05 probability level, 
while variables X__ (cambial age) and X_ « (cardinal direction) v/ere not. 
1/ lo 
These variables v;ere retained so as to not detract from the sums of squares. 
The following model may be used to predict fiber diameter variation in this 
population; 
Y = 20.891 - 0.480 X^  ^+ 11.923 - 11.157 - 0.240 X^ g 
+ 2.154 
The standard error of the estimate (Y) can be calculated in a similar manner 
to that shown for vessel percentage. 
Radial fiber diameter was correlated with lumen diameter with a cor­
relation coefficient of 0.9062. It was negatively correlated with specific 
gravity and positively correlated with fiber length. The simple correlation 
coefficients were -0.4601 and 0.4023 respectively (Appendix F). 
Radial Lumen Diameter 
Trends 
Within a given year of formation radial lumen diameter decreased with 
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Table 50. Analysis of radial fiber diameter regression (linear model) 
Degrees of Sum of 
Source freedom squares Mean square F 
Regression 
Residual 
Total 
Multiple R^  = 0.602 Standard error = 1.451 
F (5» 28, .05) tabular = 2.56 
•Denotes F greater than tabular F (.05) 
Table 31. Radial fiber diameter partial regression coefficients and their 
respective tests (linear model) 
Variable b value 
Standard error 
of b t 
Intercept 20.891 
(height) 
- 0.480 0.204 -2.547* 
1^5 of formation) 11,928 5.707 2.090* 
1^7 (cambial age) -11.157 5.690 -1.961 
1^8 (cardinal direction) - 0.240 0.498 -0.482 
X^ g (tree) 2.134 0.564 3.784* 
t (28i .05) tabular = 2.048 
•Denotes t greater than tabular t (.05) 
5 89.10 . 17.82 8.47* 
28 58.91 2.10 
53 148.01 
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increasinc holcht. At a given hoicht lumen diameter increases with in­
creasing year of formation (Figures 5g and 57). The upper heights had the 
lowest curves of increasing lumen diameter.for increasing year of formation. 
Model 
The classification model for lumen diameter had no components of varia­
tion significant at the .05 probability level. A model including all linear 
terms was fitted and as shown in Table 32, had a significant regression at 
2 the .05 probability level. The multiple "R " was O.69I and the standard 
error was 1.095• 
The radial lumen diameter partial regression coefficients and their 
respective tests testing II^ zB^ 's = 0 are shown in Table 33- Variables 
(height) and X^  ^(tree) had significant coefficients from zero at the .05 
probability level. Variables X^ g (year of formation), X^  ^(cambial age) 
and X^ g (cardinal direction) were not significant at the .05 level, but 
were retained in the model rather than losing addition sums of squares. 
The following model can be used for prediction within this population. 
Y = 15.517 - 0.318 X^  ^ 7.016 X^ g - 6.587 X^  ^- 0.698 X^ g 
+ 1.935 
The standard error of the estimate for a given set of X's can be calculated 
in a similar manner as the example shown for vessel percentage. 
Radial lumen diameter was highly correlated with fiber diameter, with 
a simple correlation coefficient of O.9062. Radial lumen diameter also was 
negatively correlated with specific gravity and their simple correlation 
coefficient was -0.5870 (Appendix ?). 
Figure 36. Radial lumen diameter {/<") versus coded year of formation for the north side of tree 1 
at coded heights (See Table 2) 
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Figure 37. Radial lumen diameter (-A) versus coded year of formation for the north side of tree 2 
at coded heights (See Table 2) 
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Table 32. Analysis of variance of radial lumen diameter regression (linear 
model) 
Degrees of Sum of 
Source freedom squares Mean square F 
Regression 5 74.97 14*99 12.51* 
Residual 28 33.56 1.20 
Total 33 108.53 
2 Multiple R = 0.691 Standard error = 1.095 
F (5; 28, .05) tabular = 2.56 
•Denotes F greater than tabular F (.05) 
Table 33. Radial lumen diameter partial regression coefficients and their 
respective tests (linear model) 
Variable b value 
Standard error 
of b t 
Intercept 15.517 
(height) 
- 0.318 0.154 -2.064* 
1^6 of formation) 7.016 4.308 1.629 
X^ y (cambial age) 
- 6.587 • 4.295 -1.558 
X18 (cardinal direction) - 0,698 0.376 -1.858 
X^ g (tree) 1.935 0.426 4.546* 
t (28, .05) tabular = 2.O48 
•Denotes t greater than tabular t (.05) 
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DISCUSSION 
Introduction 
Evidence has been mounting that trees have a basic growth pattern de­
termined by their genetic makeup and that within this genetic framework, 
environmental and associated factors can alter this pattern through their 
direct or indirect influence on the crown. The crown has been shown to be 
related very closely to the stem both developmentally and structurally 
(Larson, 1969)• Therefore, the variation in wood properties can be attri­
buted to the regulatory influence of the crown on wood formation. The effect 
of the environment is vastly complex and cannot be discussed simply, and in 
turn these complex environmental influences are mediated by complex physio­
logical mechanisms before being manifested in the structure of the wood 
(Gaertner, I964). 
It has been pointed out by Larson (I969) that wood quality can only be 
evaluated by appreciating the trends and magnitude of wood property varia­
tion, and it can only be controlled by understanding the source of the var­
iation. Experiments are now being conducted on seedlings in an attempt to 
assess wood property variation and to evaluate the ways in which the bio­
chemical, cytological, and physiological processes form wood. Far too few 
studies in the past have used this approach, resulting in a considerable 
amount of confusion in the literature. This approach, however, becomes 
exceedingly complex in the study of large trees. 
The objective of this study was to characterize within-tree variation 
of various wood anatomical properties in the form of horizontal and vertical 
trends. These trends will be used by those interested in establishing 
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parallel variations of physiological sradicntc with various wood property 
variations. This is consistent with the intimate ston-crown relationship 
since distance from foliar organs of the crovni, ace and time of formation 
deterrrine the developuent of a cell. The horizontal and vertical trends are 
indexes of these paraiueters. For ezaiaplo, height varying with year of for­
mation held constant (Type I sequence used in this study) is an index of 
the distance of the wood from the crown. Also, the crown was more proximate 
to the forming wood in the central hole region than in the outer bole region 
at DBIIj for example. The discussion of the variation of the wood's anatom­
ical properties that follows will attempt to speculate how observed trends 
might have come about with reference to the crown. 
The second and third objectives were to determine models to relate the 
dependent variables to a large group of chosen independent variables, and 
to investigate the interrelationships of the dependent variables. The in­
dependent variables were chosen because they have been considered in the 
literature and because they were also indexes of the crown-stem relationship. 
Height, year of formation and cardinal direction arc examples. Although 
linear, quadratic and their interaction models such as those used here arc 
easily handled mathematically and frequently give a good fit, it must be 
remembered that biological relationships are not always conformable to 
such models and that lack of fit terms should be e::amined where possible 
(Fritts, i960). 
Kodels such as those developed in this dissertation can be used for 
prediction within this population of two trees and their variances give one 
an idea of the amount of variation present. In addition, these models are of 
use to those attempting to develop sampling methods for developing stand 
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and spocies wood property prediction, equations which arc useful in evaluat-
inc one's inventory. 
Vessel Percentace 
Vessel percentace is a function of vessel number, vessel diaaeter and 
vessel length. 
Trends found in cottonwood appear to be consistent v.'ith those of Taylor 
(IQoG) and Kandeel (1968). Vessel percentage increased v;ithin an annual 
increnent with increasing height then levelled off and decreased slightly. 
Vessel number will be discussed in a later section. IVareing (1953) has 
shown evidence that vessel dia;;ieter is controlled by a cazbial stimulus 
arising Izi the leaves, and that the difference in size is controlled by the 
level of au:cin reaching the canbiur.i. High levels of auxin produced wider 
vessels. In a given annual increment higher auxin concentrations are avail­
able to the canbiun in the lower crovra than in lower parts of the bole. It 
follows then, that this may be associated with the observed variation. 
It was also noted that vessel size was snail in the late portion of 
the annual ring. Similarly, V/areing (1952) has suggested the fall of auxin 
production in the late growing season is partially responsible for narrower 
vessels. 
Vessel percentage also increased with increasing year of formation at 
a constant height. Bailey (1920) and Esau (1965) have pointed out that in 
r.:ost dicotyledons vessel elements increase in radial and tangential size 
with ageing because of the increase in size of the cambial initials with 
ti:;:c. The fact that vessel number per unit area of these cottonwood was 
found constant with increasing year of formation at a constant height 
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alonj with tho size incroaco of older cambial initiale nay partially ox-
plain the incroaco in vcssol proportion. 
Au increase in veccol percentage with hoicht at a ^ iven cambial a-;e 
nay reflect an incrcacinc size of the crown. Size of the crown is impor­
tant, of coursoj fron tlie standpoint of the number of leaves present and 
the aj-.îount of auxin produced. It nay bo that with increasing crown size 
nore auxin reaches the canbiun. Crown size is also a factor in vessel nun-
bcr which effects vessel percentage. Larger vessel nunbers are usually 
thought to be associated with larger crowns.^  
One Kust realize that vessel percentage variation is not nearly so 
sinple as these speculations nay seen. It is the intent of this discussion, 
however, to point out how the crown nay be involved in wood fornation. 
The regression showed that 55-5 percent of the total variation was ex­
plained by the reduced nodel. It should be noted that quadratic height, 
height X year and year x tree were significant terns. These variables 
would indicate that the deternining factors of the cell nentioned earlier, 
such as height used as an index of distance from the foliar organs, are good 
for predictive purposes. 
In studying vessel percentage variation one encounters the problem of 
not knowing how nuch vessel percentage variation is tolerable fron an econ-
onic standpoint. Such infornation is necessary in future studies and could 
be found fron a study by the current hardwood using pulp and paper industries 
of their processes. 
L^arson, P. E. Institute of Forest Genetics, Ehinelander, Wise. 
Private connunication, 1969• 
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P.ay Porcontacc 
Ray pei-centage variation was extremely variable within an annual incre­
ment with increasing hoight. In addition there was a slight decrease at a 
Given height with increasing year of formation. The uniformity found by 
various authors was not found in this study. 
Hay percentage is undoubtedly related to the rate and amount of cell 
division. V/ith a high rate of cell division, nature rays are thought to be 
wider tangentially and greater in number (White and Robards, 1966). In 
addition, cambial activity has been shown to be regulated by the leaves 
tlirough their auxin production (ffareing, 1958). Therefore, although not 
obvious from this data, the crovm may also be closely related to the ray 
percentages. 
The reduced model for ray percentage variation explained only 23.5 
percent of the total variation. Tear of formation, tree, and quadratic year 
of formation were significant, indicating that indexes of the distance from 
the crovm and yearly environmental fluctuations were important in explaining 
ray percentage variation. 
The technique used for determining ray percentage undoubtedly contri­
buted to the extreme variance. A dot grid linear system cannot adequately 
measure the linear uniseriate rays found in cottonwood. In addition, the 
measure of ray percentage used was in terms of rays per unit area, but the 
number of rays present in the ring may have increased even though the ray 
percentage decreased because of the larger circumference. The model for 
predicting ray percentage variation developed here would be quite inadequate 
as evidenced by the large variance. 
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Fiber 3?erccntacc 
It wac found that fiber percentage decreased with increasing heicht 
within an. annual increment. In addition, the fiber percentage decreased 
with increasing year of formation for a constant hcicht. The fiber per­
centage is undoubtedly controlled by the distribution and amount of vessel 
forninj stimulus reaching the cambium. The physiolocy of vessel formation 
is discussed under the sections on vessel percentage and vessel number. 
It should be remembered that in this study fiber percentace per unit 
area was measured and that even though it was lower in the outer rings at 
a given height, there may have boon an increase in the total number of 
fibers duo to the increase in circumference of the tree. This idea should 
be kept in mind when examining the literature. Wood, with many fibers per 
annual ring, however, is still expensive to process if the fiber percentage 
per unit volume is low. 
The model developed for fiber percentage "explained" -51«5 percent of 
total variation. The variables quadratic height, height x year of forma­
tion, and year x tree were significant. This indicated that indexes of the 
crown-stcm relationship are again Important terms in the model. 
Fiber Length 
Fiber length was found to be quite uniform with increasing height with­
in an annual increment, except at upper heights there was a decrease. In 
addition, at a constant height the fiber length first increases with increas­
ing year of formation, levels off and then decreases. Kennedy (1957) indi­
cated that shortening of cambial initials took place with increased cell 
division. Wareing (1958) and others have shovm. that cell division is 
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incroasGd by increasing auxin concentrations (within litnits). It then 
seeas logical that the higher auxin concentrations present in the upper 
regions of an annual increment may stimulate cell division and in turn re­
sult in shorter fiber lengths as found in this study. Other possibilities 
r.iuGt also be considered, however. Fiber lengths in general seem to be 
longer in older wood because of the increase in length of the cambial ini­
tials and the greater post cambial elongation (Panshin, DeZeemv, and Brown, 
19G4). Kennedy (1957) and Ilildebrandt (i960) also indicated that there is 
greater elongation in fast-growing species in spite of the shorter cambial 
initials. Amos, at al, (1950) indicated that the trends of fiber length 
in Eucalyptus pealc shortly after trends of growth rate in a given season. 
These suggestions seem to indicate that greater post cambial elongation may 
be partially responsible for the observed trends of increasing fiber length 
with increasing year of formation for a constant height. 
Dinwoodie (1961) has related that such factors as age, growth rate, 
and distance from the pith have led to conflicting results in fiber length 
studies. It seems that a crown-stem approach to wood anatomical property 
studies would minimize the confounding of these factors. 
The reduced model developed accounted for 61.4 percent of the total 
variation. Height, year of formation, quadratic year and height x year were 
significant indicating importance of crovm-related variables in predicting 
wood anatomical property variation. 
Vessel Number 
The vessel number per two-ring section (referred to as vessel number) 
was found to increase within an annual increment vd.th increasing height. 
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In addition,'tho VGSSOI number increased with increasing height at a con­
stant cambial ago. The vessel number, however, was variable with increasing 
year of formation at a constant height. 
The number of vessels in wood has been shov/n to be related to the crovm 
and more specifically to the number of leaves in the crown. Jacobs and' 
Morrow (1967), have discussed the role of leaves in the differentiation of 
xylary cells and phloem cells. Similarly, V/aiscl, _ot nl. (19o6) had related 
the importance of the number of leaves in the crown to the xylary cells. 
The fact that leaves have been shown to affect the vessel number is not 
surprising in that each leaf has a specific nodal anatomy. For example, 
Cottonwood has at each leaf one main trace and two laterals that it contri­
butes to the primary shoot. Evidence has also been accumulating that vessels 
are under hormonal control. Amos, _et a2. (1950) concluded that a different 
stimulus was responsible for vessel formation than for cambial activity. 
He suggested that one stimulus initiates cell division (which is dependent 
upon descent of hormone and nutrients from the crovm) and the other is 
connected intimately with vessel formation. He concluded that the distance 
from the crovm was important in vessel number and that the vessel-forming 
stimulus was very sensitive to climatic and environmental changes. Some 
workers feel that the vessel system becomes less and less branched as dis­
tance from the crown increases. Data presented here seem to indicate that 
this may be the case. 
Y/areing, _et £l. (1964) showed that auxin and gibberellin were both 
needed to promote normal vessel formation. Also, Venn, _et al. (1968) wore 
able to surprcss vessel formation in an annual increment by trichlorophenyl 
acetic acid treatment of the cambium and the plant continued to function 
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without the vessels. Tho above findings led me to believe that vessel 
formation is intimately related to the crovm throuch hormonal reeulation. 
Why the vessel number increases with heisht at a constant cambial age 
is obvious since more crovm would require more water and more nutrients. 
A larger crown would have more leaves and thus more vessels. How the vessel 
number increases, however, is not yet knovm. 
As for the increase of vessel number per two-ring section with increas­
ing height in an annual increment, the distance from the crown may be a large 
factor in determining how much vessel forming stimulus a particular part of 
the cajAbium receives. Trees or parts of trees may also have differential 
sensitivities to their stimuli thus resulting in variation within and between 
trees and between species. Again, these explanatory possibilities are pre­
sented in a very simplified form. Undoubtedly complex interactions of 
biochemical and physiological mechanisms are present. Surely the interre­
lationships and balances of various hormones are pertinent. 
The reduced model indicated that 70.8 percent of the variation was 
"explained". The variables height, year of formation and year x tree were 
significant terms in the model. These terms substantiate the stem-crown 
interrelationship on wood formation. 
Ring ïïidth 
Ring width was found to be quite uniform with increasing height in a 
given annual increment except for the youngest years of formation where 
ring width decreases with height. Also, the ring width decreases with in­
creasing year of formation at a constant height. This has been observed 
in many studies (Farrar, 1961). Hing width has been explained on the basis 
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of the combined cffoots of food, growth substances, and position in the 
bolo. The crown is, therefore, very important in the study of rinc width 
variation. 
It is the opinion of the author that ring width is a measureinent that 
has been misused in the literature. It is used too often as an index of 
growth rate across a diameter when oven if conditions were hold constant it 
would vary considerably in a mature tree due to an increase in circumference. 
Comparisons of ring width are informative in adjacent growth rings, but if 
much further apart, ring area- would be a more logical variable to choose in 
future studies. Therefore, studies using ring width as a growth rate indi­
cator should bo considered carefully. Using ring width as a covariate in 
wood property studies is a possibility, 
Ring width trends were included for those who may find them interesting, 
but ring width-wood anatomical property interrelationships will not be dis­
cussed here. 
Tangential Double Cell V/all Thickness 
Tangential double fiber cell wall thickness vd.ll be referred to in 
this discussion as wall thickness. Although it was measured at only two 
heights, wall thickness was variable within a given annual increment. At a 
constant height the wall thicliness increased with increasing year of forma­
tion. The thinnest walls were in the central part of the lowest height 
sampled. 
ITall thickness variation is regulated by physiological processes. Wall 
thickness is believed to be closely related to photosynthesis and net assim­
ilation. In evaluating variations in wall thicknesses consideration must be 
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riven to the distribution as well as the absolute amount of assinilatos 
(Larson, 1965> 1964). 
The distribution of photosynthetic products within a tree can be 
viewed as a system of competing metabolic sinks where the sink is a mctabo-
lisinc plant part which can attract photosynthatcs in competition with 
other plant parts (Larson and Gordon, 1969) (Larson, 1969). This distribu­
tion also is dependent upon loaf a^ e. Ilewly maturing loaves translocate 
assimilates upward to the shoot meristem where they are used primarily by 
expanding leaves. Intermediate leaves translocate assimilates both upward 
and downward to the root moristems or the cambium which is a diffuse meri­
stem, while lower loaves translocate assimilates almost exclusively to the 
roots and cambium. Meristems are competing for assimilates and it seems 
that the car:bium gets assimilates for cell wall production only after the 
strong sinks such as the shoot and the root have received theirs in that 
order. Therefore, the amount available for stem growth will be a function 
of the rate of decline in net photosynthesis and the rate of increase in 
the percentage exported (Larson and Gordon, 1969). Again, the crown is 
responsible for wood anatomical variation. 
An increase in wall thickness with increasing year of formation at a 
given height indicates that more photosynthatcs were available to the older 
cambium. This scorns to bo logical in that the crom has increased in size 
over the years and therefore is probably producing more photosynthatcs for 
translocation to the cambium. It is interesting to note that there is 
variability in photosynthate production, use of current photosynthatcs, and 
reserve food utilisation due to the heterophyllous leaf make-up in the crown 
of Ponulus. Ponulus depends almost entirely on current photosynthatcs. 
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Also, upper and lower leaves contribute differently to the roots and ster. 
(Koslowski and Clausen, 1966; Critchfield, I960). 
The model for coll wall thickness "explained" 40*7 percent of the 
total variation. IIeight, quadratic height and quadratic year were signifi­
cant terns in the Model. This is not surprising in light of the previous 
discussion. 
The technique used for measuring cell wall thickness variation needs 
to bo improved. A larger number of cell walls should be measured in order 
to obtain more reliable results. The filar micrometer method, although 
accurate, is much too slow for hardwood cell wall thickness measurements 
and thus only relatively small numbers can be measured. 
Radial Fiber Diameter 
Badial fiber diameters (referred to as fiber diameter) were shown to 
incroaso with increasing years of formation at a constant height. Fiber 
diameters were highest in the lowest part of the tree, but much variation 
was present. 
Fiber diameter is known to be regulated by physiological processes 
(Larson, 1954)• High levels of auxin are usually associated with large fib 
diameters and as auxin supplies dwindle, the radial fiber diameter decrease 
Che newly expanding leaves and meristematic tissue are the principal source 
of auxin. As points in the stem become farther removed from the croT/n, 
metabolic inactivation, destruction, and translocation of auxin become 
increasingly critical. Therefore, the lower bole is subject to lower auxin 
concentrations unless auxin synthesis is.abruptly stopped and then the apex 
appears to have narrow fiber diameters first (Larson, 1969). 
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Fiber diameter ic therefore another case where phyaiolocical processes 
originating in the foliar organs appear to be correlated with wood anatomical 
property variation. The node of action of auxin is probably not simple, al­
though it is not known (Larson, I969). 
One would then speculate that auxin concentrations were higher 
in the older annual increments at a constant height. This may well have 
been due to an increased crown size v/ith more auxin synthesis sites. 
The model for radial fiber diameter variation "explained" 60.2 percent 
of the total variation. Height, year of formation and tree were significant 
contributors to the variation emphasising the importance of crown-stem 
related variables. 
Radial Lumen Diameter 
Radial lumen diameters decreased with increasing height in an annual 
increment, and in addition increased with increasing years of formation at 
a given height. 
Radial lumen diameter variation is controlled by the concomitant vari­
ation of fiber diameter and cell wall thickness. The crovra regulatory 
action of these have been discussed. 
The model for lumen diameter variation "explained" 69-1 percent of the 
total variation. Height and tree were significant contributors. 
Specific Gravity 
Specific gravity v/as shovm to increase within a given annual increment 
with increasing height. In addition, specific gravity increases with in­
creasing year of formation at a constant height. For a given cambial age 
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Gpocixic Gravity increases with hcicht also. These trends are for the cost 
part consistent with thexceneral trends discussed in the Review of Liter­
ature. 
Since specific gravity is a function of cell wall thickness, cjid the 
distribution of cell types, one would expect specific gravity variation to 
bo controlled by those physiological processes regulating coll wall thick­
ness and proportion of wood elements. 
The reduced model for specific gravity variation "explained" 63.0 
percent of the total variation. Height, year of formation, quadratic year, 
azid year x tree wore significant contributors to the model. This indicates 
that crown-stem related variables are useful in predicting specific gravity. 
General 
The concept of juvenility has been discussed at length in the litera­
ture especially with reference to conifers. Numerous concepts of what 
juvenility is have been presented and the literature is quite confusing on 
the subject.' The presence of juvenile wood in hardwoods was suggested by 
GCtse (19u4). One is able to define juvenile wood in hardwoods in a manner 
similar to Larson's definition for conifers. He related that the wood 
formed in proximity to the living crown should be considered juvenile wood 
as evidenced by its inferior wood quality^  attributes. Juvenile wood in­
cluded that wood formed by saplings with their vigorous large crowns and 
that wood in proximity to the crovm in older trees, e.g., the wood formed 
at the upper heights of the current annual increment (Larson, 1962). 
HYood quality is usually defined for a specific use. In this case we 
will consider pulp and paper. 
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In cottonv/ood as in other trocs tho crown influences the quality of 
the wood produced. In tho trees studied the juvenile wood formed in the 
first several years had the following properties: 
Vessel percentage - low 
Fiber percentage - high 
Specific gravity - low 
Fiber length - low 
Cell wall thickness - low 
Radial fiber dianeter - low 
With regard to pulp properties this wood was of low value under present-
day uses. This was because even though the fiber proportion is high, the 
cell wall thickness, tho fiber diameter and fiber length were all low as 
was tho specific gravity. A thinner cell wall has less cellulose content, 
while a snail diameter coll does not collapse to the extent of a larger 
dianeter cell. Short fibers have loss bonding area and more interfaces 
resulting in a weaker paper. 
It was evident, however, that in the first eight to ton years of 
growth at lower heights the wood properties changed most drastically. 
The following interrelationships of anatomical properties were ob­
served within an annual ring. The fiber percentage decreased with increas­
ing height as the vessel percentage and vessel number increased. The ray 
percentage and fiber length remained constant. In addition, the cell wall 
thickness increased with increasing height and the lumen diameter decreased. 
At tho same time, however, tho specific gravity increased with increasing 
height within the increment. 
At a constant height the following interrelationships were observed 
with increasing yeor of formation. Tho fiber percentage decreased as the 
vessel percentage increased while ray percentage and vessel number remained 
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constant. In addition, the fiber length, coll wall thickness, fiber 
diameter, luiaen diameter and specific gravity increased. 
It was apparent that wood formed by the young crovm had distinctly 
different properties from the wood formed in proximity of the older crov/n. 
This might be expected due to the larger number of leaves and leaf to loaf 
compétition discussed earlier. The wood formed near the more mature crown 
was much higher in.vessel percentage and number and its fibers had thicker 
walls. Also, the fiber length v/as somewhat longer in this wood than in the 
wood formed by the young crovm. The thicker walls and longer fibers would 
indicate that its pulp would be more suitable for papermaking, but the in­
creasing number of vessels would probably increase refining costs. 
Within those trees there was strong negative relationship between 
vessel percentage and fiber percentage. When the vessel percentage in­
creased, the fiber percentage decreased, and their simple correlation 
coefficient was -0.9768. This seems logical since the only other colls 
molcing up the wood are ray parenchyma and a few terminal axial parenchyma. 
If, then, the vessel percentage could be decreased within the tree, the re­
sult would be a wood with nearly all fibers. Venn, ^  al.' (I96S) have 
produced oaic such as this by hormone treatment. In studies of similar 
nature in the future, there appears to bo little need to quantify the three 
variables vessel percentage, ray percentage and fiber percentage. Instead 
it would seem that quantifying vessel percentage would be adequate and most 
easy to determine. 
The interrelationship between vessel and fiber percentage and vessel 
number was apparent, also. Their simple correlation coefficients wore 
0.5736 and -0.6038 respectively. An increase in vessel number, however. 
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did not always increase the vessel percentage. This seems to indicate 
that not only vessel number, but also vessel size are important in pre­
dicting the vessel percentace or fiber percentage. 
Although Larson (1959) found that the formation of the fiber dimen­
sions seem to be formed by independent physiological processes, they, never­
theless, in this study were stroncly interrelated. The simple correlation 
coefficient of lumen diameter and fiber diameter was 0.9062, and the fiber 
wall thickness and fiber diameter simple correlation coefficient was 0.4103' 
At a given height the fiber diameter and the cell wall thickness increased 
with increasing year of formation. These concomitant increases resulted in 
an increased lumen diameter. It would seem unnecessary in similar studios 
in the future to measure lumen diameter, if cell wall thickness and fiber 
dia;r.eter were measured. 
Specific gravity was czpected to bo strongly related to the cell wall 
thickness, fiber length, and vessel percentage and number. At a constant 
height, however, the cell wall thickness increased with increasing year of 
formation as did the vessel percentage and fiber length. In addition, 
the specific gravity increased. Within a given annual increment vessel 
number, vessel percentage and cell wall thickness increased with increasing 
height. Fiber length was constant. In addition, the specific gravity in­
creased. This would seem to indicate that the increasing cell wall thick­
ness was mostly responsible for the increase in specific gravity. A low 
simple correlation coefficient between specific gravity and vessel percent­
age was found (0.0304), thus indicating a low interrelationship. Surpris-
n.ngly, however, the simple correlation coefficient between wall thickness 
and specific gravity v/as also quite low (O.I67I). Since a high simple 
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corrélation coefficient of fiber wr.ll thickness and fiber diameter was 
observed, it is quite possible that relationships such as this could have 
masked the correlation between specific gravity and fiber v/all thickness. 
This happens in studios with large numbers of variables. The results of 
this study would seem to indicate that wood produced in the crown would bo 
of considerable value for present-day pulp if high vessel percentages could 
be tolerated. This is because of the wood's thicker and longer cells. It 
would also seen that if vessel formation within trees could be understood 
and possibly nanipulated, then the suitability of Cottonwood for pulp night 
be improved. Manipulation such as this may be possible by specific hormonal 
treatment. Selection for clones with a lower vessel proportion would also 
be a possibility for obtaining wood of low vessel content. 
Cottonwood's ability to grow rapidly on lands unsuitable for agriculture, 
its ability, to grow well in plantations, and its responsiveness to fertiliser 
sho\vn by Foulgor and îlacskaylo (196?), Shire (1968) and others malce it a 
promising tree for short rotations. Schonbach (195Gb) and Sarkany, et al., 
(195?) have indicated that in.Pomilus short rotations are best because of 
the homogeneous wood properties after twenty years of growth. 
At the present time, uniformity of wood properties would be beneficial 
to wood-using industries. Manipulation of thé crovm to control Cottonwood's 
wood properties is a distinct possibility once we laiow how the tree's stem-
crown relationship behaves and how the environment and silvicultural treat­
ments influence it. Genetic selection is another possibility in achieving 
uniformity in cottonwood. 
V/ith reference to prediction of wood anatomical properties within 
trees, one should include variables that reflect the physiological processes 
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rcculatlnj v/ood formation in the trees and the environment's influence on 
these processes. To do this, more studies of the mechanisms of v/ood forma­
tion are needed. Well desicncd controlled experiments with seedlings will 
probably accomplish this best. 
152 
PART II 
GELATINOUS FIBERS 
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INTRODUCTION 
In satisfying the objectives of Part I, it was observed through phloxin-
fast green differential staining that large numbers of gelatinous fibers 
were present in the microtome sections used for determining the proportion 
of wood elements and cross sectional fiber dimensions, even though the trees 
were selected without lean. The gelatinous layers of these fibers stained a 
deep green in distinct contrast to those cells without gelatinous layers 
which stained a light red. 
The gelatinous fiber is a characteristic of tensionwood, which is a 
reaction tissue observed in dicotyledons. Tensionwood presents a severe 
limitation to utilization of cottonwood. It has high longitudinal shrinkage 
resulting in warping upon seasoning and often develops non-recoverable 
collapse. It also has poor machinability qualities (Panshin, _et al., 1964). 
In addition, tensionwood's anatomical properties are distinctly dif­
ferent than those observed in "normal" wood. (Barefoot, 1963; Besley, 1962; 
Boyce and Kaciser, 1964; CSte' and Day, 1965; Kaeiser and Boyce, 1955; Koch, 
Gt al., 1968; Kanwiller, 1966 and Scurfield and \7ardrop, 1963). The adverse 
physical properties of tensionwood are a function of the anatomical differ­
ences in the wood. 
Aïïicng the anatomical properties measured in Part I that have been shown 
to be different in tensionwood are fiber dimensions (Boyce and Kaeiser, 1964) 
and proportion of wood elements (Koch, et - al., I968). Because of these 
differences, the objective of Part II was to determine the percentage of 
gelatinous fibers at each position sampled in the trees, and to observe 
their distribution and structure. Percentage of gelatinous fibers was 
considered to be an index of the amount of tensionwood present, although it 
has been shown that "incipent tensionwood" can be present without the 
presence of gelatinous fibers. This tissue has reduced lignification in the 
inner cell wall layers, instead of the gelatinous layer (Barefoot, 1963)-
These data will be useful to researchers interested in determining how 
and why tensionwood is formed in cottonwood. 
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REVIEW OF LITSHATURE 
It is not the intent of the author to review the tensionwood literature 
in depth. Those wishing such reviews should read Berlyn (I960), Hughes 
(19S5) and Scurfield and Wardrop (19S5)» The purpose of this review, how­
ever, is to point out those aspects of tensionwood occurrence, development,. 
anatomical properties and structure which might be pertinent to this study. 
Occurrence 
Tensionwood is normally thought to occur in connection with orientation 
movenento in plants. It is associated with the upperside of leaning dicoty­
ledonous trees (Eerlyn, I960; Arganbright and Bensend, I968). In addition, 
these authors showed that increasing percentage of gelatinous fibers is 
linearly related to increasing degree of lean. Mûller-Stoll and Zenker 
(19o7) and Hughes (1965) showed that tensionwood occurred not only on the 
•upper side of leaning trees in the lower bole, but also uniformly scattered 
over the cross section in the crovm in leaning trees and all over the cross 
section in unbent stems. 
Schoncach (1956a) related that certain clones tend toward higher tension-
wood formation while others have lower tensionwood occurrence. 
Development 
The cause of development of tensionwood is now knovm, but the sugges­
tions as to what might cause tensionwood are three-fold. One is the direct 
response to stress development in the stem. Another is the result of 
gravitational stimuli and the other is that it is controlled by intrinsic 
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growth factors (Huches, 1965)- • Since tonsionv/ood is sonetir.es associated 
with eccentric growth, it has been suggested that increased rates of cambial 
division are involved (Mia, I968; Hughes, 1965). Defoliation and excision 
techniques by V/ardrop (I96O) revealed that unless the apex was reaoved along 
with leaves, complete inhibition of reactionwood was not observed. This 
led workers to find that hormones and hormone interactions originating in 
the crown were involved. V/areing, _et al. (I964) and Berlyn (I96O) suggested 
that differential sensitivity to auxin redistributions nay be involved. 
V/ardrop (I960) suggested that duration of the stimulus and the stage of 
differentiation when receiving the stimulus were important. 
Anatomical Properties 
Variations in the anatomical properties occur with the development of 
tensionwood. There is an increase in the vessel number and number of rays 
but a decrease in their size and thus a decrease in the vessel and ray per­
centages (Besley, 1962; Kaeiser and Boyce, 1965; Wardrop and Dadswell, 1955)• 
Cote' and Day (I965) and Koch, jet (I968) however, have found reduced 
vessel number as well. The cell wall thickness of tensionwood is almost 
always found to be greater than "normal" wood, and in addition the assoc­
iated non-gelatinous fibers' ceil wall thickness are greater (Hughes, 1965; 
Boyce and Kaeiser, I964). These authors also showed that the fiber diameters 
decreased v/ith increasing percentage of gelatinous fibers. Fiber length 
increases in tensionwood according to some authors, but others have .found no 
difference between tensionwood and "normal" wood. In addition, the specific 
gravity of tensionwood has been shown to be higher (Barefoot, 1963; Boyce 
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and Kaciser, 1964; Huches, 1965). This is not surprising in light of the 
increased coll wall thickness, decreased fiber diameter and suppression of 
vessel size. 
Tensionv;ood often is characterized by concentric bands of gelatinous 
fibers in well-developed zones, while it also nay have small groups of 
scattered gelatinous fibers (Hughes, 1965). 
Structure 
The gelatinous fiber's structure is characterized by a large gelatinous 
layer often referred to as the G-layer. V/ardrop and Dadswell (1955) showed 
that the gelatinous fiber can have three types of cell wall organization. 
One is the G-layer inside the "normal" tliree layers of the secondary wall 
(S^, and S_). Another is the condition in which the G-layer replaces 
the and still another in which the G-layer realacod both the S_ and S_ 
" Z 'J 
in the cell wall layering sequence. Cote' and Day (1965) suggested that there 
is no relationship between the layering sequence and species. Casperson 
(196?) found an increased thickness of the ;niddle lamella, primary wall and 
layers, and Hanvn.ller (1966) found an increased layer thickness in 
gelatinous fibers. Kanviiller (1966) and Hia (I968) found that the S_ was 
nissing in the gelatinous.fibers of soft aaple and aspen, while Casperson 
(1967) found that the superimposed the G-layer in Quercus. A warty layer 
was also found by Cote and Day (I962). An increase in the orientation of 
the 3^ and nicrofibril angle was indicated by Manwiller (I966) and it was 
suggested by îîorberg and î-Ieier (1966) that the and S were responsible 
-L 2 
for the high longitudinal shrinkage found in tensionwood. 
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The structure of the C—layer is not completely known, but it is known 
to be r.uch lower in lignin and thought to be Kore crystalline than "normal" 
wood (Dadswell, 1958). Cote' and Day (19o5) succcsted that the G-layer had a 
lack of incrustinc substances and weak lateral bondinc- Cote and Day (1962) 
and r!ia (1963) found a high decree of orientation of the cellulose in the 
G-layers. 
The attachment of the G-layer to the other layers was thought to be 
very loose by early workers, but new embedding techniques suggest it is more 
closely autacjicd (Goto and Day, 1965; Kia, 1963)., The organization of the 
G-layer may be lamellar (Cote' and Day (1962), honeycombed (î-îanwiller, 1966) 
or maybe a microspore system (Scurfield, 1967; Kia, 1963). 
Other structural differences found associated with the gelatinous 
fiber include reduced pitting (Scurfield, 1967), and convolution of the G-
layer (Hughes, 1965). 
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PP.OCBDUEE 
Porcentaso of Gelatinous Fibers 
The percentages of gelatinous fibers v/cro determined at each stem 
position studied in Part I. This v/as accomplished by projecting with an A-0 
I-Iicrostar microscope the stained 20 micron microtome sections onto an attach­
ment screen which had three randomised squares on it. Ten projections were 
observed systematically with a random start at each two-ring position. The 
percentage of gelatinous fibers was then found by counting the total number 
of fibers in the thirty squares and dividing that number into the number 
that possessed gelatinous layers. 
Gelatinous Fiber Distribution and Structure 
The gelatinous fiber distribution was studied on the 20-micron thick 
sections mentioned above. In addition, blocks were post fixed with osmium 
tetrozide and. embedded in an epon-araldite rosin mixture. Then sections one 
micron thick were cut with the ultramicrotome and studied under the phase 
contrast microscope. Other blocks wore post fixed with Palade's buffered 
osmium, embedded in a Haraglas resin mixture and cut into 600 A sections 
with the ultramictrome. These sections were then stained with uranyl 
acetate and load citrate, and observed under the P.CA-EI'IIJ 5 electron micro­
scope at the Forest Products Laboratory, Kadison, Wisconsin. 
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SSSULTS 
1, The Gelatinous fiber pcrcentacos of the two trees are shown in 
Table 34. All positions sampled displayed gelatinous fibers, even though 
the trees wore selected without lean. The ran^e of the percentaco of gelat­
inous fibers was fron 0.51 to 9?.S7. A large number of these positions (49) 
had 40 or more percent gelatinous fibers. No trends wore observed in the 
percent of gelatinous fibers except that often when one year of formation 
(coded) had a high percentage of gelatinous fibers on one side that same 
year had a low percentage on the other side. The sides having the highest 
concentrations varied back and forth from one height to the next in an un­
predictable fashion. The crown regions had very few positions with low 
percentages of gelatinous fibers. The two trees showed few similarities 
except that both had relatively low percentages of gelatinous fibers in 
the first formed wood in the lower bole. 
2. ITo gelatinous fibers were present in the last several tangential 
rows of "latewood" fibers (Figure 38). 
5. Gelatinous fibers were often present in high percentages in one 
increment and not in the adjacent increment at the same relative position in 
the tree, and even in many instances one-half of one annual increment had 
all gelatinous fibers and the other half none (Figure 39)• 
4. It appeared as though the vessel size was reduced in tensionwood 
although no statistical tests were used to determine this (Figure 40). 
"1 
161 
Table 34« Gelatinous fiber percentases of tree 1 and tree 2 positioned 
according to height^ and year of formation^ 
Year' of fornaticn^ 
Height 
5 4 3 2 1 
Northside Tree 1 
S 61.52 81.98 67.22 
7 5.87 20.32 51.16 
6 12.82 45.10 14.06 
5 17.17 6.25 16.47 
4 33.09 29.79 48.97 15.42 
5 9.12 29.55 9.48 9.16 
2 0.51 10.51 13.00 3.43 19.64 
1 90.02 72.02 69.24 2.59 
Southside Tree 2 
S 19.97 50.89 52.57 
7 65.82 29.04 35.27 
6 55.89 21.34 37.73 
5 42.55 12.28 12.20 19.94 
h 26.41 61.81 21.80 - 13.53 
3 44.37 33.71 38.05 12.85 
2 35.48 97.87 21.35 3.20 23.75 
1 2.14 2.70 40.96 3.80 
TCoded (see Table 2) 
°Coded 
Il 
•£l 
S 
7 
6 
5 
L 
3 
2 
1 
8 
7 
6 
5 
b, 
5 
2 
1 
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(Continued) 
Year of fornation 
5 4 3 2 1 
Northside Tree 2 
55.01 • 38.61 17.80 
16.64 27.92 21.49 
3.15 43.26 69.65 15.53 
33.55 71.26 33.86 37.26 
66.72 71.60 47.60 68.15 
69.79 16.67 65.39 54.10 
20.45 16.13 1.15 25.71 14.44 
60.00 59.60 28.25 0.52 
Southside Tree 2 
44.97 44.63 75.35 
86.90 17.92 62.66 
86.27 5.96 33.91 46.88 
53.62 52.41 62.80 39.56 
33.88 33.12 45.47 52.58 
61.81 65.71 32.82 15.68 
9.91 29.43 76.14 4.79 25.54 
58.64 10.00 37.50 2.07 2.55 
Ficurc 53. Transverse section shov.ânc an annual increment rith lev; gela 
inous fibers in the "latewood" (I76X) 
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PiGUi-o 59» Transverse soction showinc an annual increment v/ith high por-
centage of Gelatinous fibers in one part and none in the rest 
(176X) 
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igure 40. Transverse section showing reduced vessel size in tensionv/ood 
(277X) 
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5. The solatinous layer appeared next inside the in the coll wall 
organization. No S_ was present. In all cases, the G-layer appeared to be 
attached firmly to the IIov;ever, its texture v/as distinctly different 
than the other layers. The G-layer appeared to be porous in nature, and 
it seened to indicate a high decree of longitudinal orientation of micro­
fibrils. A layer of debris appeared on the inner surface of the G-layer 
resembling a warty layer (Figure 41)• 
Ficure 41. Electron micrograph of the cell wall organization of a Gelatinous 
fiber showing the Gelatinous layer (31250X) 
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DISCUSSION 
The tv:o trees of this study were selected in order to minimize the 
amount of tensionwood present according to the idea presented by Boyce and 
Kaeiser (I9G4). They suggested that straight and vertical trees were the 
best way to achieve uniformity. Although increasinc loan seems to be highly-
correlated with the porcqntage of gelatinous fibers (Arganbright and 
Bencendj 1960; Berlyn, 1960), the results of this study and others indicate 
that large percentages of gelatinous fibers occur oven in straight vertical 
trees. Also J this study indicates that in the saisie position in an annual 
incro:r.cnt ]_argo porccntagos of gelatinous fibers occur in one area and none 
in the remainder without having a change of lean angle. The above evidence, 
therefore, tends to indicate that lean nay not always be of importance in 
gelatinous fiber formation especially when the whole tree is considered and 
that, indeed, other factors are involved. 
The crown has boon shown to bo intimately involved in wood formation by 
its production of hormones and photocynthates. Also, the amount nr;d dis­
tribution of those are important. Surely the crown's effects on the cambium 
have boon altered from "normal" when gelatinous fibers develop. IIov: they 
have been altered is not known. Berlyn (I96O) proposed that gelatinous 
fiber production was due to a differential sensitivity of the cambium to 
auzin concentration. Robards (1966) also concluded that cambial sensitivity 
to a stimuli was very important. He suggested that young stems are re­
oriented by wind, their own weight and by vibration of their crowns, and tha 
any such stress may cause a change in the pattern of the tree and tne 
gelatinous fiber production. If these stresses are responsible for the 
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gelatinous fiber pattern and if auxin concentration is of importance, then 
localized stresses nay cause localised redistributions of auxins v.'hich in 
turn :r.ay result in changes of gelatinous fibers distribution in short dis­
tances. It would seer.: then that the cottonv;ood caribiun is e:ctrcr.cly sensi­
tive to any stress, whether it is fron lean or some other factor. Variations 
in cell wall organisation are probably related to time of development and 
duration of the stimulus (Dadswell, 195o). 
Berlyn (1950) suggested that certain netabolic thresholds are necessary 
to produce gelatinous fibers. This might partially explain the absence of 
gelatinous fibers in the last several tangential rows of fibers in the 
"latev.'ood". Possibly the notabolisr-i at this part of the season is below 
the threshold. Scurfield and V.'ardrop (19o5) related that a decline of 
auxin near the end of the season may be responsible for the lack of G-fibers; 
however, this is inconsistent with those who propose that the lack of auxin 
on the upper side of leaning ster.is causes gelatinous fibers to forn. 
Schonbach (1955a) found that different Pomlus clones nay tend toward 
high or low tensionwood content. Surely, if this is the case, it would bo 
worth investigating in cottonwood clones since trees such as the ones used in 
this study arc so riddled with gelatinous fibers, that their value for lumber 
or pulp nay be questioned. 
It has been mentioned previously that anatomical properties change with 
the occurrence of tensionwood. This is not surprising in that the hormones 
and photosynthates controlling wood formation are thought to be redistributed 
during gelatinous fiber forzation. TIio fact that gelatinous fiber formation 
seems to be associated with changes in proportions of wood elements, specific 
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gravity, fiber length, and VCGGOI nunioer, addc a confounding olonent to the 
results Ox Part I. It seems that an uncontrollable source of variation is 
present which is undoubtedly involved in the trends reported in Part I. 
However, the nature of its involvement is not yet known. A logical approach 
to the solution of this unknown problerr. is to direct studies toward deter­
mining how environmental stinuli operate through physiological pathways to 
control differentiation and development. Studies of this nature are now 
underway. 
The structural results seem to agree with that of Mia (i960) in his 
studv of asnen. The -oorouG nature of the G-layer, absence of the S and the 
" 5 
seemingly high degree of longitudinal orientation of random microfibrils have 
been reported by I-Iia and others as mentioned in the Review of Literature. 
GUI-SIAIÎY MUj CœiCLUSIOITS 
Two cactorn cottonwood trocs v/cro intensively sampled by c^-ttin^ alter­
nate tV'O-rinc; blocks alone the north-south a::is at each of oight hcichts 
talcon at approximately cicht-foot hoijht intervals. 
The v;ithin-trce variations of vessel perconta.rc, ray perccntaro, fiber 
percentacc, double coll uall thickness, ra.dial fiber dianetor, radial lunen 
dianoter, specific C-'-vity, fiber lenr-th, ring width and vessel number wore 
characterised in the fori;: of horizontal a.nd vertical trends. These trends 
were plotted'on the siniplotter at the Iowa State University Conputation 
Center. 
In a supplementary e:cpcrincnt, the percentaje of gelatinous fibers was 
studied within the two trees. Also, the structure of the relatinous fiber 
was investigated. 
Models were developed relating the above wood anatomical properties to 
the independent variables height, age of tree when wood was formed, caxibial 
ago and cardinal direction using multiple regression analysis. At the same 
time, interrelationships between dependent variables were investigated. 
Conclusions wore as follows: 
I'csncl ncrcontage 
1. V.'ithin a given annual increment, vessel percentage increased with 
increasing height, then levelled off and decreased in the upper crown 
2. Vessel percentage increased with increasing years of formation at 
all heights. 
5. At a constant cambial ago, vessel percentage increased with in­
creasing height-
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4. A regression model was- developed that "explained" 55-6 percent of 
the total variation. Quadratic height, height x year and year x 
tree wore significant terms in the model. 
5. Vessel percentage was negatively correlated with fiber percentage 
and positively correlated with vessel number. 
Ray percentaro 
1. Within a given annual increment, ray percentage was extremely 
variable. 
2. Hay percentage decreased slightly with increasing year of formation 
at lower heights. 
5. For a given cambial age, the ray percentage was extremely variable. 
4. A regression model v:as developed that "explained" 28.5 percent of 
the total variation. Year of formation, tree and quadratic year of 
formation were significant terms in the model. 
5. Say percentage was negatively correlated with specific gravity. 
Fiber "oercentage 
1. Within a given annual increment, fiber percentage decreased with in­
creasing height. 
2. Fiber percentage decreased with increasing year of formation at each 
height. 
3. At a given cambial age, fiber percentage was extremely variable with 
height. 
4. A regression model was developed that "explained" 51«5 percent of 
the total variation. Quadratic height, height x year, and year x 
tree were significant terms in the model. 
Srociflc ATavity 
1. V.'ithin a given, annual increment, specific gravity increased with 
height. 
2. Specific gravity at a given height increased with increasing year 
of formation and then decreased at lower heights. At the upper 
heights specific gravity remained quite uniform. 
3. At a constant cambial age, specific gravity increased with height. 
4. A regression model was developed that "explained" 68.0 percent of 
of the total variation. Height, year of formation, quadratic year 
of formation, and year x tree were significant terms in the model. 
5. Specific gravity was negatively correlated with ray percentage and 
ring width. 
Fiber length 
1. Within an annual increment, fiber length was quite uniform with 
increasing height. 
2. At a given height fiber length increased with increasing year of 
formation, levelled off, and then decreased. 
3. At a constant cambial age fiber length was extremely variable. 
4. A regression model was developed that "explained" 61.4 percent of 
the total variation. Height, year of formation, quadratic year of 
formation, and height x year were significant terms in the model. 
5. Fiber length was negatively correlated with ring v/idth. 
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VoGscl nu'.nbor 
1. Vessel number increased within a given annual increment with increas­
ing height. 
2. At lower heights vessel number was quite uniform with increasing 
year of formation, while at upper heights vessel number decreased 
with increasing year of formation. 
3. At a constant cambial age, vessel number increased with increasing 
height. 
if. A regression model was developed that "explained" 70.8 percent of 
the variation. Height, year of formation, and year x tree wore 
significant terms in the model. 
5. Vessel number was positively correlated with vessel percentage and 
negatively correlated with fiber percentage. 
Rinc width 
1. Within an annual increment, ring width was quite uniform with in­
creasing heights. 
2. Ring width decreased with increasing year of formation except in the 
upper crown. 
3. At a constant cambial age, ring width decreased with increasing 
height. 
•?ar,Tential double cell wall thickness 
constant height, cell wall thickness increased with increasing 
year of formation. 
2. A model was developed that "explained" 40.7 percent of the total 
variation. Year of formation was a significant term in the model. 
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Radial fib or dianot-Gr 
1. Radial fiber diameters increase with increasing years of formation 
at a constant height. 
2. A model was developed that "explained" 60.2 percent of the total 
variation. Height, year of formation, and tree were significant 
terms in the model. 
5. Fiber diameter was highly correlated with lumen diameter. In 
addition it was negatively correlated with specific gravity and 
positively correlated with fiber length. 
Radial lumen diameter 
1. V/ithin an annual increment, lumen diameter decreased with increasing 
height. 
2. At a constant height, lumen diameter increased with increasing year 
of formation. • 
5. A regression model was developed that "explained" 69.1 percent of 
the total variation. Height and tree were significant terms in 
the model. 
if. Lumen diameter v/as highly correlated with fiber diameter. In 
addition, lumen diameter was negatively correlated with specific 
gravity. 
Gelatinous fibers 
1. All positions sampled displayed gelatinous fibers even though the 
trees were selected without lean. ITo trends in the percentage of 
gelatinous fibers were observed. Sides with the highest concentra­
tions varied back and forth in an unpredictable fashion. 
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2. Ko gelatinous fibers were prosent in the last several tangential 
rov;s of "latev/ood" fibers. 
3. Gelatinous fibers wore often present in high percentages in part 
of an annual ring and not in the remainder. 
4. Vessel size seemed to be reduced in tensionvfood. 
5. The gelatinous layer appeared inside the Sg and the v;as absent, 
the G-layer was attached firmly to the Sg and appeared to be porous. 
A warty layer was present inside the G-layer. 
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APPENDIX A 
Use of Stein's Two-Stage Test for Deteraining Sample Size 
Using Stein's two-stage test (Steel and Torrie, i960), it is possible 
to determine the number of observations needed to give an estimate within a 
range defined by a proportion of the mean at a given probability. The only 
unknowns necessary are.variance and mean estimates, which are usually ob­
tained from a preliminary study or from the literature. 
The equation is; 
2 2 
n s tot s 
(pX)^  
n = calculated number of observations needed in sample 
t = tabular "t" for a given <=* probability 
2 
s = variance estimate of preliminary study 
p = proportion (e.g., 0.1) 
X = mean of preliminary study 
An example of the use of this test is in calculating the number of 
photographs necessary per two-ring sample to give an estimate of vessel per­
centage within the range of 0.1 of the mean, 95 percent of the time, A pre­
liminary study designed to observe extremes of variation indicated that: 
s^  = 37.54 
X = 31.64 
Applying Stein's test for a range of O.IX, 95 percent of the time: 
T.05 = 
n = (1.96)2 (57.54) = 14.45 « 15 
(3.164)2 
192 
Proliminary studies on proportion of wood elements, cross-sectional 
fiber dimensions, and fiber length indicated the variances and means used 
in Stein's test to give an estimate of the mean that would fall in a range 
within 0.1 X, 95 percent of the time. 
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APPENDIX B 
This program, given as an example, was used to plot vessel number versus 
height for a given age, cambial age for a given height, and year of formation 
for a given height on the siraplotter for B.P.S. Fortran at the Iowa State 
University Computation Center, Ames, Iowa. The simplottor graphing routines 
used were outlined by Scranton (1968). 
FORTRAN IV G LEVEL L, MOD 3 MAIN DATE = 69093 21/43/31 PAGE 0001 
C H6HT=UNC0DED HEIGHT 
DIMENSION X(124),Y(124),HGHT(124) 
DIMENSION VESS(124),RAYP(124),FIBE(124),SPGR(124),FIBL(124), 
1TANS(124),RADS(124),L0NS(124),V0LS(124),VESW(124),HEIG(124), 
1CAMA(124),CARD(124),TREE(124),CWTH(124),FIBD(124),LUKD(124), 
1XVAR(124),YVAR(124),XLBL(15),YLBL(70),DLBLH(40),GLBL(20) 
1,DLBLA(25) 
DIMENSION XLAB(5),YLAB(5),GLAB(5),DLAB(5),RINW(124),AGET(124) 
INTEGER TREE,CARD 
REAL LONS,LUMD 
READ(1,102)(VESS(I),RAYP(I),FIBE(I),CV/TH(I),FIBD(I),LIIMD(I),SPGR(I 
1) ,FIBL(I) ,Rim(I) ,TANS(I) ,RADS(I) ,LONS(I) ,VOLS(I) ,VESN(I) ,1=1,124) 
102 FORMAT (lOX, 6F5.2, F5.4, 6F5.3, F5.2) 
103 FORMAT (lOX, F5.2, 2F5.0, 215,45X) 
READ (1,103) (EGHT(I),AGET(I),CAMA(I),CARD(I),TREE(I),I=1,124) 
READ(1,104)(HEIG(I),1=1,124) 
104 FORMAT (30X,F5.0,45X) 
READ(1,105)(XLBL(LLVAR),LLVAR=1,15) 
READ(1,105)(YLBL(LVAR),LVAR=1.70) 
READ(1,105)(DLBLH(L),L=1,40) 
READ(1,105)(DLBLA(L),L=1,25) 
READ(1,105) (GLBL(L) ,I;=1,20) 
105 FORMAT(20A4) 
WRITE (3,107) 
107 FORMAT ('1') 
DO 110 1=1,124 
V/2ITE(3,106)(I,VESS(I) ,RAYP(I) ,FIBE(I) ,CV;TH(I) ,FIBD(I) ,LUI-ÎD(I) , 
ISPGR(I),FIBL(I),RINU(I),TANS(I),RADS(I),LOÏÏS(I),VOLS(I),VESN(I), 
lIIGHTd) ,AGET(I) ,CAMA(I) ,CARD(I) ,TREE(I) ,HEIG(I)) 
110 CONTINUE 
106 FORMATC •,I3,1X,6(F5.2,1X),F5.4,1X,5(F6.3,1X),F6.3,1X,F5.2,1X, 
1F5.2,1X,F5.0,1X,F5.0,1X,2(I3,1X),F3.0) 
CALL ORIGIN (0.0,1.5,1) 
LJ=1 
194 
(Continued) 
FORTRAN IV G LEVEL L, KOD 5 MAIN DATE = 69095 21/45/51 PAGE 0001 
DO 6 LLVAR=1,5 
DO 5 I =1,124 
GO TO (55,5S,57),LLVAR 
55 XVAR(I)=HEIG(I) 
GO TO 5 
56 XVAR(I)=CAMA(I) 
GO TO 5 
57 XVAR(I)=AGST(I) 
5 CONTINUE 
LJK = 66 
C DO 8 LVAR=1,14 
DO 8 LV/JS = 14,14 
DO 7 I =1,124 
GO TO (21,22,25,24,25,26,27,28,29,50,51,52,55,54),IVAR 
21 YVAR(I)=VESS(I) 
GO TO 7 
22 YVAR(I)=RAYP(I) 
TO TO 7 
25 YVAR(I)=FIBE(I) 
FORTRAN IV G LEVEL 1, MOD 5 MAIN DATE = 69095 21/45/51 PAGE 0002 
GO TO 7 
24 YVAR(I)=CWTH(I) 
GO TO 7 
25 YVAR(I)=FIBD(I) 
GO TO 7 
26 YVAR(I)=LUiœ(I) 
GO TO 7 
27 YVAR(I)=SPGR(I) 
GO TO 7 
28 YVAR(I)=FIBL(I) 
GO TO 7 
29 YVAR(I)=RINW(I) 
GO TO 7 
50 YVAR(I)=TANS(I) 
GO TO 7 
51 YVAR(I)=RADS(I) 
GO TO 7 
52 YVAR(I)=LONS(I) 
GO TO 7 
55 YVAR(I)=VOLS(I) 
GO TO 7 
54 YVAR(I)=VE5N(I) 
7 CONTINUE 
Jî'î=l 
DO 10 J=l,2 
195 
(Continued) 
FORTRAN IV G LEVEL 1, MOD 3 MAIN DATE = 69093 21/45/31 PAGE 0002 
DO 11 K=l,2 
LJKM=1 
xsizs=7.5 
M0De=(-105) 
GO TO (43,44,44),LLVAR 
43 MAX=5 
GO TO 45 
44 MAX =8 
45 DO 12 L=1,MAX 
NC0UNT=0 
KS=L 
DO 9 1=1,124 
X(I)=0.0 
9 Y(I)=0.0 
DO 13 1=1,124 
IF(TRSE(I).ÎIE.J) GO TO 13 
IF(CARD(I).NE.K-1) GO TO 13 
GO TO (41,42,42),LLVAE 
41 JAGS=AGET(I) 
IF(JAGE.NE.L) GO TO 13 
GO TO 40 
42 JHSIG=HEIG(I) 
IF(JKSIG.NE.L) GO TO 13 
40 NC0UNT=ÎIC0UNT+1 
X(NCOUNT)=XVAR(I) 
Y(ÎÏCOUNT)=YVARÛ) 
13 CONTINUE 
IF (NCOUNT.EQ.O) GO TO 12 
FORTRAN IV G LEVEL 1, MOD 3 MAIN DATE = 69093 21/43/31 PAGE 0003 
DO 121 JJ=1,NC0UNT 
WRITE (3,122) NCOUNT,X(JJ),Y(JJ),KS,MODE,XSIZE 
122 FORMAT (' •,I3,E15.8,E15.8,I5,I5,F8.1) 
121 CONTINUE 
GO TO (50,51,51),LLVAR 
50 CALL GRAPH (NCOUNT,X,Y,KS,MODE,XSIZE,5.0,0,0,0,0,XLBL(LJ), 
lYLBL(LJK) ,GLBL( JÎ-1) ,DLBLA(LJIŒ) ) 
GO TO 52 
51 CALL GRAPH (NCOUNT,X,Y,KS,MODE,XSIZE,5-0,0,0,0,0,XLBL(LJ), 
lYLBL(LJK) ,GLBL(JM) ,DLBLH(LJia-I)  
52 CONTINUE 
XSIZE=0.0 
M0DE=(-103) 
LJKM=LJKM-i'5 
12 CONTINUE 
JÎ-î=JÎ-i+5 
196 
(Continued) 
FORTRAN IV G LEVEL 1, MOD 3 miN DATE = 69093 21/43/31 PAGE 0003 
CALL ORIGIN (11.0,0.0,1) 
11 CONTINUE 
10 CONTINUE 
LJK=LJK+5 
8 CONTINUE 
LJ=LJ+5 
6 CONTINUE 
STOP 
END 
FORTRAN IV G LEVEL 1, MOD 3 MAIN DATE = 69093 21/43/31 PAGE 0004 
TOTAL MEMORY REQUIREI-ÎENTS OO4O6A BYTES 
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APPEIIDIX C 
The lowest relative nean square residual (EMSQH) used by the HEX pro-
gran to pick the "best" regression model can be shown to be approximately 
2 
equal to 1-r for large n. 
2 2 1) EMSQE = s y»x where s yx = error mean square 
2 2 
s y s y = variance of y 
2) Also S d  ^= (n-2) s^ yx = Sy^  - (Sxy)^  whore 3y^  = S (y-y)^  i y * X 1 — 3. X' 
2 
i-: Sx 
Sx^  = S (x-x)^  
2 2 5) and, r = Sx^ "- while r = (&::y) 
VgxfSyZ SxfSyZ 1 1 
therefore, r^  2x^ 2y^  = (Sxy)^  
substituting 5) into 2), 
then Sy^  - = 2y^ (l-r.)^  = Sd  ^= (n-2)G^ y-x 
Sx^  
5) HI-ISO,H = (Sy^ ) (1-r^ ) (n-1) = (n-l)(l-r^ ) « l-r^  for large n 
(n-2)(2yZ) (zi_2) 
For work in tliis thesis, n = 124. 
193. 
APPENDIX D 
A. Vessel percentage regression inverse (reduced model) 
15 16 20 25 50 51 
15 0.7638-05^  
16 -0.9172-05 0.5555-01 
20 -0.4982-05 0.1251-04 0.9229-07 
23 -0.5144-04 -0.4546-05 -0.5762-06 0.2116-04 
50 -0.1804-05 0.1191-02 0.6904-06 -0.5164-05 0.1060-05 
51 0.1210-02 -0.1227-01 -0.5022-05 0.2129-04 -0.7605-05 0.7890-02 
D^enotes scientific notation 0.7638 % 10-03 
3. Ray percenta, ge regression inverse (reduced model) 
15 16 19 21 25 26 
15 0.4384-03 
16 -0.5964-02 0.2059-00 
19 0.1074-05 -0.2148-02 0.5577-01 
21 0.8994-05 -0.3239-01 0.2804-03 0.5518-02 
23 -0.1073-03 0.8736-05 -0.5165-05 -0.2152-05 0.2800-04 
26 -0.1679-17 0.1504-16 -0.6452-02 -0.5580-17 0.4029-18 0.1290-01 
199 
G. Fiber percentage regression inverse (reduced model) 
15 . 16 20 25 50 51 
15 0.7658-05 
16 -0.9172-05 0.5555-01 
20 -0.4982-05 0.1251-04 0.9229-07 
25 -0.5144-04 -0.4546-05 -0.5762-06 0.2116-04 
50 -0.1804-05 0.1191-02 0.6904-06 -0.5164-05 0.1060-05 
51 0.1210=02 -0.1227-01 -0.5025-05 0.2129-04 -0.7605-05 .0.7890-02 
D. Specific gravity regression inverse (reduced model) 
15 16 19 21 51 
15 0.2716-04 
16 -0.6425-05 0.2270-00 
19 0.2759-04 0.1156-00 0.2976-00 
21 0.7467-04 -0.2575-01 0.7550-04 0.5864-02 
51 0.1728-04 -0.5520-01 -0.7615-01 0.4752-05 0.2187-01 
200 
E. Fiber length regression inverse (reduced model) 
15 16 20 21 23 
15 .0.5367-03 
16 -0.4035-02 0.2038-00 
20 -0.3585-05 0.1881-05 0.8644-07 
21 0.8572-03 -0.3235-01 0.9943-06 0.5527-02 
25 -0.9095-04 0.8647-03 -O.394O-O6 -0.2197-03 0.2980-04 
P. Vessel number regression inverse (reduced model) 
15 16 19 21 31 
15 0.2716-04 
16 -0.6423-03 0.2270-00 
19 0.2739-04 0.1136-00 0.2976-00 
21 0.7467-04 -0.2575-01 0.7530-04 0.3864-02 
31 0.1728-04 -0.5520-01 -0.7615-01 0.4752-05 0.2187-01 
G. Cross-sectional fiber dimension inverse (linear model) 
15 16 17 18 19 
15 0.1985-01 
16 -0.5521-00 0.1548 02 
17 0.5503-00 -0.1542 02 0.1539 02 
18 -0.9996-15 0.2780-13 -0.2771-13 0.1176-00 
19 -0.2511-01 0.7059-00 -0.7073-00 0.1264-14 0.1512-00 
201 
APPENDIX E 
Correlation Matrix (full model) 
1 2 3 7 8 9 10 11 
1 1.0000 
2 -0.0797 1.0000 
5 -0.9768 -0.1186 1.0000 
7 0.0304 -0.3278 0.0354 1.0000 
8 0.2705 -0.1483 -0.2307 -0.1167 1.0000 
9 -O.6OI4 0.2703 0.5400 -0.3049 -0.4145 1.0000 
10 -0.1363 —0.0076 0.1413 0.0831 0.0088 -0.0672 1.0000 
11 0.0178 -0.1792 0.0042 0.1579 -0.0207 -0.3108 0.4295 1.0000 
12 -0.2425 0.0570 0.2331 -0.0332 —0.0640 0.0655 -0.0700 -0.0140 
13 -0.1275 -0.0858 0.1394 0.1381 -0.0252 -0.1963 0.8394 0.7935 
14 0.5736 0.1520 -0.6038 0.1547 -0.2411 -0.3768 -0.0056 0.1433 
15 0.3519 —0.1006 -0.3333 0.6352 -0.3150 -0.3258 0.0361 0.0893 
16 0.6156 —0.2610 0.5614 0.3502 0.5524 -0.7723 -0.1099 0.0086 
17 0.4049 -0.2180 -0.3588 -0.0030 0.7156 -0.5809 -0.1313 -0.0241 
18 -0.0741 -0.1223 0.1016 0.0446 -0.0502 0.0595 -0.1438 -0.0104 
19 0.2120 0.3909 -0,2870 -0.5300 0.0941 -0.0833 0.1324 -0.1140 
20 0.2754 -0.1002 -0.2575 0.6316 -0.3535 -0.2957 0.0800 0.1067 
21 0.6012 -0.2259 -0.5567 0.3040 0.5374 -0.6869 -0.1842 -0.0657 
22 0.3362 —0.1644 -0.3028 -0.0358 0.6658 -0.4972 -0.1702 -0.0669 
23 0.5019 -0.1624 
-0.4721 O.6I4O -0.0958 
-0.4548 -0.0523 0.0356 
24 0.6130 -0.1923 -0.5774 0.5224 0.1058 -0.5254 -0.1291 -0.0109 
25 0.4744 -0.1975 -0.4348. 0.0954 0.6562 -0.6005 -0.1959 -0.0758 
202 
Correlation Matrix (full model) (Continued) 
1 2 3 7 8 9 10 11 
26 0.0121 -0.0137 -0.0072 -0.1261 -0.0302 0.0500 -0.0986 -0.0453 
27 0.1151 -0.1276 -0.0918 0.3532 -0.2003 —0.1666 -0.0261 0.0937 
28 0.1200 -0.2014 -0.0788 0.1462 0.1263 -0.2136 -0.1197 0.0027 
29 0.0965 -0.2056 -0.0534 0.0315 O.24O6 -0.1901 -0.1369 -0.0291 
50 0.4092 0.0674 -0.4231 0.3073 -0.2526 -0.3526 0.0885 0.0483 
51 0.5984 0.0828 -0.6130 -0,1387 0.4290 —0.6486 -0.0325 -0.0444 
32 0.4654 0.0587 -0.4750 -0.3052 0.5865 -0.5399 -0.0740 -O.O64I 
33 0.3679 -0.0714 -0.3551 0.5856 -0.3164 -0.3389 0.0521 0.0872 
202 
Correlation Matrix (full model) (Continued) 
12 13 14 15 16 17 18 19 
12 1.0000 
15 0.1817 1.0000 
14 -0.0594 0.0540 1.0000 
15 -0.0700 0.0657 0.6760 1.0000 
16 -0.0349 -0.0595 0.2383 0.3041 1.0000 
17 0.0026 -0.0899 -0.1351 -0.2759 0.8107 1.0000 
IS 0.0796 -0.0605 -0.0338 0.0 0.0 0.0 1.0000 
19 0.0610 0.0263 0.3824 —0.0864 0.0 0.0399 0.0 1.0000 
20 -0.0076 0.1162 0.6396 0.9602 0.2846 -0.2656 -0.0000 
-0.1169 
21 -0.0029 -0.1388 0.2185 0.2588 0.9831 0.8234 0.0 0.0 
22 0.0232 -0.1295 -0.1679 -0.3180 0.7607 0.9763 0.0 0.0356 
23 -0.0442 -0.0005 0.6450 0. 9276 0.5489 0.0086 -0.0000 -0.0742 
24 -0.0749 -0.0954 0.5722 0.7644 0.6802 0.2561 0.0000 -0.0336 
25 0.0091 -0.1517 -0.0165 -0.1020 0.8937 0.0685 0.0 0.0272 
26 0.1593 -0.0373 0.0970 -0.0260 0.0 0.0120 0.9045 0.3015 
27 0.0449 0.0597 0.3318 0.4958 0.1508 -0.1368 0.7129 -0.0428 
28 0.0468 -0.0444 0.0479 0.0951 0.3127 0.2535 0.8969 0.0 
29 0.0338 -0.0777 =0.0902 -0.1085 0.3187 0.3932 0.8312 0.0157 
30 0.0161 0.0959 0.7850 0.8458 0.2748 -0.2211 0.0000 0.3633 
31 0.0323 -0.0318 0.4728 0.1508" 0.7027 0.6004 0.0 0.6718 
32 0.0264 -0.0766 0.1620 -0.2476 0.6334 0.7967 0.0 0.5777 
33 -0.0509 0.0793 0.7146 0.9935 0.3044 -0.2708 0.0 • 0.0 
204 
Correlation Matrix (full model) (Continued) 
20 21 22 25 24 25 25 27 
20 1.0000 
21 0.2465 1.0000 
22 -0.2991 0.7899 1,0000 
25 0.9066 0.5502 -0.0647 1.0000 
24 0.6989 0.6814 0.1602 0.9278 1.0000 
25 -0.1050 0.9215 0.9641 0.1787 0.5984 1.0000 
26 -0.0552 0.0 0.0107 -0.0224 -0.0101 0.0082 1.0000 
27 0.4761 0.1285 
-0.1577 0.4599 0.5790 -0.0506 0.6191 1.0000 
28 0.0890 0.5074 0.2579 0.1717 0.2717 0.2795 0.8115 0.7557 
29 -0.1044 0.3257 0.5858 0.0054 0.1007 0.5808 0.7615 0.4850 
50 0.7780 0.2559 -0.2625 0.7871 0.6722 -0.0729 0.1096 0.4194 
51 0.1127 0.6908 0.5658 0.5279 0.4498 0.6499 0.2026 0.0748 
52 -0.2540 0.6428 0.7772 -0.0245 0.1859 0.7678 0.1742 -0.1228 
55 0.9505 0.2592 -0.5155 0.9222 0.7640 -0.0985 0.0 0.4926 
Correlation Matrix (full model) (Continued) 
28 29 50 51 . 32 55 
28 1.0000 
29 0.9448 1.0000 
50 0.0859 —0.0869 • 1.0000 
51 0.2198 0.2561 0.4547 1.0000 
52 0.1981 0.5152 0.0180 0.8854 1.0000 
55 0.0952 -0.1065 0.8985 0.2159 -0.2014 1.0000 
1 
2 
5 
4 
5 
6 
7 
8 
9 
10 
11 
12 
15 
14 
15 
16 
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APPEÎIDIX F 
Correlation Matrix of Fiber Diaensions 
4 5 6 4 5 6 
0.5895 0.5500 0.1854 17 0.4852 0.5152 0.5788 
-0.4024 0.0068 0.1502 18 0.1164 -0.0575 -0.1952 
-0.5058 -0.5291 -0.2152 19 -0.1655 0.4275 0.4886 
1.0000 0.4105 0.0546 20 0.1829 
-0.5955 -0.5457 
0.4105 1.0000 0.9062 21 0.4941 0.5566 0.1929 
0.0546 0.9062 1.0000 22 0.4520 0.5508 0.4257 
0.1671 -0.4601 -0.5870 25 0.5252 -0.2096 -0.5910 
0.5919 0.4025 0.5216 24 0.5580 -0.1185 -0.5000 
-0.4452 -0.1127 0.0259 25 0.4687 0.4625 0.5274 
0.1897 0.1272 0.0925 26 0.0582 0.0651 •-0.0651 
0.2546 -0.0280 -0.1085 27 0.2515 -0.2764 -0.4576 
-0.5166 -0.1875 -O.O694 28 0.5075 -0.0208 -0.1859 
0.1285 0.0077 -0.0167 29 0.2753 0.0525 -0.0894 
0.0451 -0.0677 -0.0949 50 0.0655 -0.2214 -0.5101 
0.1945 -0.4082 -0.5614 51 0.2477 0.4561 0.5377 
0.5472 0.5454 0.1551 52 0.2278 0.5941 0.5569 
